Structure-function relationships of
E-type endonuclease colicins






Structure-function relationships of
E-type endonuclease colicins

Structuur-functie relaties van E-type
endonuclease colicins

(met een samenvatting in het Nederlands)

Proefschrift

ter verkrijging van de graad van doctor aan de Universiteit Utrecht
op gezag van de Rector Magnificus, Prof. Dr. W.H. Gispen,
ingevolge het besluit van het College voor Promoties
in het openbaar te verdedigen op donderdag 13 mei 2004
des middags te 12.45 uur.

door
Ewald Theodorus Johannes van den Bremer

geboren op 17 september 1973,
te Leusden



Promotor: Prof. Dr. A.J.R. Heck

Faculteit Scheikunde, Universiteit Utrecht

Copromotor: Dr. W. Jiskoot

Faculteit Farmaceutische Wetenschappen, Universiteit Utrecht

ISBN: 90-393-3678-4
Printed by Ponsen & Looijen B.V., Wageningen

Cover: Rob Lamper

Het in dit proefschrift beschreven onderzoek werd gefinancierd door de Nederlandse

Organisatie voor Wetenschappelijk Onderzoek (NWO).



Table of Contents

Chapter 1

Chapter 2

Chapter 3

Chapter 4

Chapter 5

Chapter 6

Chapter 7

Chapter 8

Introduction colicin biology

Mass spectrometry in protein conformational analysis and
molecular recognition

Probing metal ion binding and conformational properties of the
colicin E9 endonuclease by electrospray ionization time-of-flight

mass spectrometry

Distinct conformational stability and functional activity of four
highly homologous endonuclease colicins

Ligand induced changes in the conformational dynamics of a
bacterial cytotoxic endonuclease

Metal induced selectivity in phosphate ion binding in colicin E9
DNase

Probing the H-N-H active site in colicin E9 for metal and
phosphate-ligand binding

Summarizing discussion

List of abbreviations

Nederlandse samenvatting

Dankwoord

Curriculum vitae

List of publications

25

53

79

99

119

127

141

149

150

156

159

160






Chapter |

Introduction
colicin biology



Chapter 1




Colicin biology

Colicin biology

Environmental stress, like intense competition for limited nutrients, resulted in the evolution of
mechanisms that provide bacterial strains with competitive advantage, with the aim to rescue
their own population. One such mechanism, which is often found in Eubacteria and
Archaeabacteria, is the secretion of bacteriocins; toxins that kill closely related bacteria.
Prominent amongst these are the protein toxins, a group that includes pyocins (Psexdonomas
aeroginosa) (1), Klebicins (Klebsiella pnemoniae) (2), and colicins (Escherichia coli) (3) of which the
colicins DNases E2, E7, E8 and E9 are the focus of this thesis. It has been estimated that up to
30% of clinical isolates of E.co/i produce colicins, which emphasizes their importance in bacterial
survival mechanisms (4).

Structurally each colicin shows the same type of organization that comprises three
domains, 1) a domain involved in the recognition of a specific outer-membrane receptor, 2) a
domain involved in translocation, and 3) a domain for the lethal activity. Since a full length three
domain structure is not yet available for colicins E2, E7, E8 or E9, an extended version of the
related colicin E3 X-ray structure is given in Figure 1, showing all three domains responsible for
each of the three aforementioned functions needed in the uptake process. Colicin E3 belongs to
the same family (based on translocation system and cell surface receptor) as the DNase colicins
(E2, E7, E8 and E9). The first 450 residues of all these proteins are almost identical (domain 1
and 2; >90%) (3, 6).

Figure 1. Extended X-ray crystal structure showing the three domain organization of colicin E3 (PDB:
1JCH, 1 UJW) with 1) an R-domain involved in the recognition of a specific outer-membrane receptor, 2)
a T-domain involved in translocation, and 3) a C-domain for the lethal activity [Adapted from (7, 8)].



Colicin synthesis and immunity
Colicins are 50-70 kDa proteins produced by E.co/i that carry the Col plasmid. The Col plasmid

contains an operon of three genes that are essential for colicin cytotoxicity. The first of these
genes encodes the colicin (ceal in case of the ColE9-] plasmid) and is under the transcriptional
control of the DNA damage-induceble SOS promotor (9). The second gene (i) encodes a
~9.5 kDa immunity protein that prevent the cell to commit suicide when producing the
cytotoxic protein. The final lysis gene (/) encodes the bacteriocin release protein (BRP), and is
believed to trigger dimerization of the membrane anchored phospholipase A, leading to
permeabilization of the membrane allowing colicin release (70, 77). Enzymatic colicins are
released in the form of a heterodimeric complex with their immunity proteins (77, 72). An
additional, weaker, promotor found within in the colicin structural gene results in constitutive
immunity protein expression. Therefore, a colicin-producing cell makes an excess of immunity
protein that ensures inhibition of incoming colicin. A common feature of colicin encoding
plasmids is the presence of genes for immunity proteins that act against colicins other than that
encoded by the host plasmid (73), and hence allows the cell to be resistant to more than one type

of colicin.

Colicin Classification

One methodology for colicins classification is to group them according to which sets of
periplasmic proteins are used in their uptake. The Tol system of periplasmic proteins is used for
group A colicins, and the Ton system for group B colicins. However, some proteins such as
TolC are used by members of both groups (5). The various different receptors and periplasmic
proteins involved in uptake of different colicins are summarized in Table 1. The Tol proteins
were originally identified during selection for proteins that contain spontaneous mutations
allowing the cell to become #/lerant to colicins (74). TonB and its associated proteins, ExbB and
ExbD, are involved in the transduction of metabolic energy, represented by the proton-motive
force present across the inner-membrane to the iron-siderophore receptors (e.g. FhuA, FebA)

allowing regulated uptake of these nutrients (75).
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Table 1. Classification of colicin family of proteins: their activities, receptors and translocation
proteins involved in uptake [Adapted from Lazdunski et al. (5)].

Colicin Activity Receptor Translocation system
Group A

A Pore formation BtuB OmF, Tol ABQR
Cloacin DF13  rRNase TutA TolAQR

E1 Pore formation BtuB TolCAQ

E2, E7, E8, E9 DNase BtuB OmpF, Tol ABQR
E3,E4, E6 rRNase BtuB OmpF, Tol ABQR
E5 tRNase BtuB OmpF, Tol ABQR
N Pore formation OmpF OmpF, Tol AQ

K Pore formation Tsx OmpF, Tol ABQR
Group B

B Pore formation FebA TonB, ExbBD

Col5 Pore formation Tsx TolC, TonB, ExbBD
Col10 Pore formation Tsx TolC, TonB, ExbBD
D tRNase FebA TolC, ExbBD

Ia,Ib Poreformation CirA TolC, ExbBD

M Mureine synthesis FhuA TolC, ExbBD

inhibition

Mechanism of enzymatic colicin uptake

Export of proteins from cells occurs through specialized machineries such as the sec dependent
translocation pathways (76). There are no specific proteins present for colicin uptake. Instead,
colicins use outer membrane receptors that are normally involved in nutrient uptake. Enzymatic
colicin mediated cell killing is schematically illustrated in Figure 2 and can be dissected in a
number of stages. Firstly, the R-domain binds to the outer-membrane BtuB receptor bringing
the T-domain close to the membrane surface, in a position where it can interact with other
membrane proteins such as OmpF allowing the T-domain to pass across the outer-membrane
(7). Secondly, the T-domain binds to its periplasmic protein binding partner(s) and dissociation
of immunity protein from the cytotoxic domain occurs. Finally, the cytotoxic domain enters the
periplasm trough a pore-forming ability allowing them to cross the inner-membrane
spontaneously (77). Recent evidence suggests that nuclease colicins are proteolytically processed

from this point (76, 79), releasing the cytotoxic domain from the rest of the colicin protein.
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Figure 2. Mechanism of cell killing by E-type endonuclease colicins.

Colicin uptake receptors

The E.co/i outer membrane receptor(s) used by the E-group colicins, colicin A and phage BF23 is
the 594-residue E. /i outer membrane cobalamin (Vitamin B12) translocator BtuB (20, 27).
Recently, crystal structures have been obtained for (i) apo-BtuB (i) Ca®*-BtuB and Ca®-
cobalamin BtuB (22) and, in conjunction with the colicin E3 R-domain (7). The 22-strand
antiparallel B-barrel motif found for BtuB has been described for the iron siderophore-binding
FepA (23) and FhuA (75), which are receptors for colicins B and M, respectively, and ferric
citrate-binding FecA (24). All of these outer-membrane proteins contain an N-terminal globular

domain of 130-150 residues, 132 residues in BtuB, which folds into the lumen of the B-batrel

like a channel ‘cotk’. This ‘cork’ occludes the lumen of the [-barrel and shares an extending
binding surface with the inside of the barrel (75, 23) so that it is difficult to envisage how these
receptors translocate substrates without some displacement of the ‘cork’ (see Figure 3). The
problem of bypassing the cork domain is even more remarkable for translocation of a colicin
polypeptide (e.g. DNase domain). The co-crystal structure as well as recent spin-labelling results

(25, 26) show that the TonB box (a highly conserved region in the TonB inner membrane
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Colicin biology

protein) does not move away from the BtuB plug domain (as would required if uptake passed
through the barrel) — instead it moves closer into the protein, which is in contrast to the binding
of vit. B12 (a ligand that cause movements of the plug) where the TonB box moves away from
the rest of the BtuB. Next the function of the three colicin domains will be described in more
detail.

Figure 3. Showing the BtuB
colicin uptake receptor. The
N-terminal 132 residues in
BtuB shown in dark grey,
folds into the lumen of the B-
barrel like a channel ‘cork’.
[Adapted from Chimento et

al. (22)]

Colicin R-domains: Receptor recognition

The R-domain, which is involved in the first stage of colicin uptake, binds to the outer-
membrane receptor, and hence governs the specificity of binding by the colicins. Penfold et al.
identified the E colicin R-domain through mutagenesis (6). The structures of three R-domains
are known — that from the nuclease colicins E2-E9 (), colicin Ia (27) and colicin N (28). The
amino acid sequences of the R-domain of colicins E2-E9 are almost identical (> 90%) (6) and, as
such, they are all likely to share the same structure as those of colicin E3 (Figure 1). Both colicins
Ia and E3 R-domains are highly elongated molecules and both bind to receptors that are likely to
possess the same structural fold since the receptor for colicin Ia (CirA) is also a TonB dependent
receptor (27). In contrast, the R-domain for colicin N has mainly B-sheet character and binds to
a different type of outer-membrane protein — OmpF (26). Hence, it is possible that the different
structures of the R-domain are related to the type of uptake receptor they use. For instance,
cloacin DF13 is a related toxin to colicin E3 (the RNase domains show strong sequence
conservation) but the R-domain sequences are different and, hence, cloacin DF13 operate via a
different uptake receptor (IutA) (6). The role of the R-domain in conferring receptor specificity
was demonstrated by making chimeric proteins; colicin E9 with the R-domain of cloacin DF13

kills cell expressing only IutA but not those only expressing BtuB (6).
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Colicin T-domains: Translocation

The T-domain is involved in the second stage of colicin uptake (translocation) and shares high
sequence identities (> 90 %) with other E colicin T-domains, as such, they are all likely to share
the same structure as those of colicin E3 (Figure 1).

The periplasm and inner membrane of E. /i contain a number of proteins involved in
nutrient uptake. The two groups of colicins (A and B) bind to different members of these using
their translocation domains. Group A colicins interact with different members of the Tol
proteins (proposed to be involved in outer membrane stability or communication of the proton
motive force to control porin function), whilst group B colicins interact with the Ton group
proteins (5, 29-37). The T-domain of E colicin nuclease binds to the B-propeller domain of
TonB, through a region of the T-domain (residues 35-DGSGW-39) called the TolB box (32) that
is conserved in all colicins that interact with TolB (33, 34).

After translocation, it is possible that the R-domain of nuclease colicins remains bound
to BtuB as has been proposed to occur for colicin Ia uptake (27). However, the linker distance
between the minimal R-domain and cytotoxic C-domain (~30 residues or 105 A) for nuclease
colicins is too short to span the outer-membrane, periplasm, and inner- membrane (a distance of
~200 A). Mosbahi et al. showed for colicin E9 a pore-forming ability allowing it to across the
inner membrane spontaneously (77). An inner-membrane protease called LepB (78) has been
shown to cleave colicin D between its R- and cytotoxic C-domains. Although colicin D is a
group B colicin with nuclease activity, a similar processing event is proposed to occur with group
A nuclease E colicins (78, 79) in case of DNase colicins (E2, E7, E8 and E9).

Colicin C-domains: cytotoxicity and immunity

Nuclease colicins target essential components of the bacterial cell. The first sub-class is
comprised of colicins E5 and D that cleave transfer RNAs. Colicin E5 cleaves tRNAs for Tyr,
His, Asn, and Asp (35) whilst colicin D cleaves at the four tRNAs for arginine (36). The second
subclass is comprised of colicins E3, E4 and EG6 that target a single phosphodiester bond in 16S
ribosomal RNA, which result in the inhibition of translation. The lethal effect induced by colicin
DNases (E2, E7, E8 and E9) is through non-specific degradation of chromosomal DNA.

Each colicin-producing cell protects itself by co-synthesizing an immunity protein. The
crystal structure for colicin E3 rRNase-Im3 complex was solved by Carr et al. (37). The

structures of both the E3 rRNase domain and Im3 are mainly B-sheet, which is in marked

contrast to the mainly o-helical structures of the cytotoxic domains of DNase colicins and their
immunity proteins (Figure 4).
The E9 DNase-Im9 complex shows no sequence or structural similarity with the E3

RNase-Im3 complex, which is probably also related to their different modes of action. However,
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Colicin biology

one feature they share is that the active site is C-terminal and the immunity protein is making no
interactions to catalytic residues (not shown). Hence colicin immunity proteins are exosite
enzyme inhibitors (38). This mode of inhibition is in contrast to most other protein inhibitors of
enzymes that bind directly to the active site, such as barstar inhibition of the RNase barnase (39).
The mechanism of colicin inhibition relies on the fact that the substrate for nuclease colicins is a
large anionic polymer (DNA and 16S rRNA for DNase and rRNase colicins, respectively).
Modeling studies using B-form dsDNA and the E9 DNase-Im9 complex have demonstrated
that oligonucleotides longer than 10 bp would extend out from the active site and result in steric

and electrostatic conflict with the Im9 protein (40).

E3 rRNase

Figure 4. X-ray structures of the cytotoxic domain of colicins E3 and E9 bound to their natural
inhibitors Im3 and Im9, respectively. The structures of both the E3 rRNase domain and Im3 are mainly

B-sheet, which is in marked contrast to the mainly a-helical structures of the cytotoxic domains of

DNase colicins and their immunity proteins (37, 40). Im9 a-helices are numbered.

Binding studies of E9 DNase to its cognate (Im9) and non-cognate immunity proteins
(Im2, Im7 and Im8) demonstrated three main features of these complexes that is: 1) Diffusion
1.-1
s

controlled association (10" M's™ in buffers with low salt); 2) Very slow dissociation rates

" M™) and; 3) Cognate complexes show

constants (10" s™) that result in very tight binding (10°
10>-10" fold tighter binding than non-cognate complexes. (47-43) In addition, the helix rich
immunity proteins are very fast folding proteins (~2200 s') (40) making immunity proteins
efficient inhibitors. This is necessary since as soon as nuclease colicins are translated by the

ribosome the nuclease folds to the active form and can induce cytotoxic activities.
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The structure of the E9 cytotoxic domain bound to its cognate immunity protein Im9 is

shown in Figure 4. The Im9 protein is a distorted four a-helix bundle with two helices (II and
III) constituting the major E9 DNase binding site, with only minor changes in its structure
occurring upon binding to the enzyme (40, 44-46). The structures of free Im7 (47, 48) and Im8
(49, 50) have also been determined, all of which have essentially the same structure as Im9.
Although residues from helices II and III of the immunity protein make contacts with the
exosite of the DNase (Figure 4), alanine scanning mutagenesis across both Im9 and Im2 (47, 57,
52) has demonstrated that the two helices do not contribute equally to the energetics of binding.
Residues on the conserved helix III provide the bulk of binding energy with helix II (a variable
helix) being a relatively minor contributor. Nevertheless, Li et al. (57) demonstrated via helix
swapping experiments that helix II is responsible almost entirely for the specificity of the
inhibitor protein. These observations led Kleanthous et al. (53) to propose a “dual recognition”
model to explain immunity binding specificity whereby stability in conferred by conserved
residues in helix III with residues from helix II defining specificity by affecting the overall

binding free energy.

DNase colicins

Both the DNase domain of E2, E7, E§ and E9 (~15 kDa) and the immunity proteins
Im2 Im7, Im8 and Im9 (~9.5 kDa) show strong sequence identity (65-80% and 55-65%,
respectively). The DNase domains also share strong sequence homology to cytotoxic domains of
toxins from other species e.g. klebicin B from Klebsiella pnemoniae (2) and pyocins AP41, S1 and
S2 from Pseundomonas anruginosa (4, 54). DNase colicins kill cells by degrading chromosomal DNA
and it is believed that DNase activity eventually results in double strand breaks that overwhelm
the DNA repair machinery of the cell (55-57).

The structure of the E7 DNase-Im7 complex has also been determined (with Zn**
bound in the active site) (58) and revealed essentially a similar structure as the E9 DNase-Im9
complex (59). The active site of the DNase domains comprises the last ~30 amino acids of the
protein (38), defined by site directed mutagenesis (60, 67). These last 30 amino acids comprise a
BBa-fold that was found to bind a tetrahedrally coordinated metal ion — Ni*" in E9 (40) or Zn**
in E7 (58). This structure is reminiscent of a zinc-finger fold. These residues also contain the
consensus sequence for a group of intron/intein encoded homing endonucleases called H-N-H
endonucleases. The H-N-H motif is found in a range of endonucleases (62) as well as mismatch
repair enzymes (63), recombinases such as T4 endonuclease VII (T4 DNase in Table 2) (64), and
in some type II restriction endonucleases (65). H-N-H enzymes share even limited active site
sequence similarities with CAD (Caspase Activated DNase) enzymes, DNases involved in the
degradation of chromatin during the terminal stages of apoptosis. Sequence alignhments of

general H-N-H homing enzymes are shown in Table 2.
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Table 2. H-N-H motif consensus sequence of several H-N-H homing enzymes.

Protein Sequence
103 118 127

Colicin E9 YELHHDKPISQGGEVYDMDNIRVTTPKRHIDIH
Colicin E2 FELHHDKPISODGGVYDMDNIRVTTPKRHIDIH
Colicin E8 FELHHDKPISQODGGVYDMDNLRITTPKRHIDIH
Colicin E7 FELHHEKPISQONGGVYDMINLSVVTPKRHIDIH
Klebicin B VELHHKVEISKGGDVYNVDNLNALTPKRHIEIH
Pyocin AP41 FETHHVKPLESGGALYNIDNLVIVTPKRHSEIH
Pyocin S2 IETHHKVRIADGGGVYNMDNLVAVTPKRHIETIH
Pyocin S1 IETHHKVRVADGGGVYNMDNLVAVTPKRHIETH
Usp FOIHHVVAIEHGGGVYDIDNFRIVTPRLHDEIH
T4 DNase TETHHITPRCMGG-TDDKTNLVLLTPEEHFTAH
McrA LEVHHVIPLSSGG-ADTTDNCVALCPNCHRELH
PsbA Orf MEKHHIIPLHAGG-PDEKWNLISLTPEDHIEAH
RTase PO157 WQVHHIIRRVDGG-SNCLSNLIMLHPMCHTLVH

Consensus ELHH G NL P H 1IH

Alignment of sequences containing the H-N-H motif from a PSI-Blast search using
residues 96-131 of E9 DNase as the search sequence. Spaces are included in the
sequences to optimize the alignment. The consensus sequence of the majority of the
sequences is shown at the bottom of the figure. The H-N-H motif residues are
shown in bold. The numbers refer to the residues of the colicin E9 DNase.
[Adapted from Walker et al. (67)].

Homing endonucleases promote the homing of open reading frames coding for
intronless/inteinless allelic sites. They are grouped according to the active site consensus
sequence; H-N-H endonucleases have an absolutely conserved histidine-X,, ;,-asparagine-Xg ,,-
histidine motif (66, 67). Three other groups of homing endonucleases are known, called the
LAGLIDADG, GIY-YIG, and His-Cys box enzymes (68). Currently, the crystal structures of
the E9 (40) and E7 (58) DNase domains are the only ones available. Homing endonucleases
generally have very long recognition sequences in dsDNA (14-40bp), are usually dimeric and
hence, cleave both DNA strands. This in contrast to the low specificity of monomeric colicin
DNases (55). Additionally, most homing endonucleases are bilobal, containing a DNA
recognition domain as well as a catalytic domain, whereas the 15 kDa colicin DNases are single
domain proteins (66).

Kihlmann et al. (69) showed through structural alignments that H-N-H enzymes are in
fact related to the active sites of the His-Cys box family homing endonucleases I-Ppol and the
extracellular non-specific nuclease from Serratia marcesens (Serratia nuclease). Structural homology
between Serratia nuclease and I-Ppol has previously been noted by Friedhoff et al. (70).
Kithlmann et al. (69) also proposed that colicin DNases, I-Ppol and the Servatia nuclease can be

classified as a single super family called the BBoa-Me endonucleases. Independently, structural

17



similarities of T4 endonuclease VII to the colicin DNases were reported by Aravind et al. (64)
who called this group the His-Me endonucleases.

One difference between the colicin DNases and the other BBa-Me endonucleases is the
identity of the metal ion bound in the active site; transition metals in the colicin DNases (Ni*" in
the E9 DNase) but Mg**/Ca®" in all other cases. This likely represents the use of histidines as the
metal ligating residues compared with asparagines in other cases (68, 69). Previous studies by
Pommer et al. (55-57) have demonstrated that Ni** and Mg** are co-factors for colicin DNases,
although they induce DNA cleavage via distinct mechanisms. Walker et al. (67) mutated many of
the active site residues and assayed their endonuclease activity using Mg”" or Ni*". They
demonstrated that considerably more H-N-H residues are essential for the Mg®" based activity

than for the Ni*" activity.

@ | (b) |

His103 His103
RN ) N s
o _H0 His102, C|> '/Hzo
) 7 2 T, N e T
Mg2+ ------ O—P=O ------ Args* Ni*:z----"0—P==0 Args
D
G100 ---- His102" G‘“‘°°"'~Hs127 \—o

E H15127 \_/
Ar96"
Arg96 rg
O

Figure 5. Putative mechanisms for the hydrolysis of DNA catalyzed by the H-N-H motif bound to (a)
Mg?* and (b) Ni** based on the X-ray structures of the E9 DNase in the apo and Ni**-ligated forms (40,
59). [Adapted from Pommer et al. (55)]

Pommer et al. (55) have proposed a catalytic mechanism for the Mg®* supported activity
involving a catalytic tetrad within the H-N-H motif (Figure 5). In this mechanism, His103 (which
has a structural equivalent in I-Ppol) activates a water molecule allowing it to make a nucleophilic
attack on the scissile phosphate. Controversially, they postulated that a His127 coordinated Mg”*
ion stabilizes the developing negative charge on the phosphate oxygens, with His102 acting as a
general acid to protonate the 3-OH leaving group. This maybe assisted by a hydrogen bond
from Arg96 to H127 (likely decreasing its pKa), and a Gly100 hydrogen bond to His102 (likely
raising its pKa)(55). The role of His131 is still controversial (55, 67).
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Aims and outline of this thesis

Proteins have evolved to carry out very specific functions within the cell by interacting with a
diverse set of biomolecules. Understanding how a protein’s higher order structure relates to its
function is important for defining the molecular basis of these interactions. Proteins do not have
rigid static structures. Instead, they display complex conformational dynamics, such as
vibrational and rotational movements of side-chains and movements of whole domains relative
to one another. Characterization of protein dynamics remains one of the major targets for
structural biology. Established methods for studying proteins suffer from some limitations.
Determination of protein structures by X-ray crystallography (solid phase) has produced huge
strides forward in understanding the biophysical chemistry of proteins. However, the very nature
of the crystallization process often selects for a single, uniform conformation (the one that
crystallizes well) out of the population of structures that may be present in solution. Whilst
analysis of crystal structures and diffraction techniques have improved the understanding of
conformational dynamics of proteins trapped within crystal lattices, a true reflection of the
dynamics within a protein requires studying it in solution. Nuclear Magnetic Resonance (NMR)
spectroscopy, which is a solution-based technique, can give unique insights in protein complex
formation as well as dynamics but has a limited protein mass range and requires large amounts of
protein sample.

In recent years, mass spectrometry has become an important tool for studying protein
structure and function. The primary goal of the work described in this thesis is to investigate
structure-function relationships of E-type endonuclease colicins by mass spectrometry.
Electrospray ionization mass spectrometry (ESI-MS) is used as the principal technique within
this thesis for a) identifying structural changes and b) identifying the formation of non-covalent
complexes. Since ESI-MS is a gas phase based technique we used a number of other biophysical
techniques (in solution) to validate our MS based findings. Therefore, we used isothermal
titration calorimetry (ITC), differential scanning calorimetry (DSC) circular dichroism (CD),
steady state tryptophan fluorescence and time-resolved tryptophan fluorescence and anisotropy
measurements. The latter two provide useful information about the molecular structure as well
as the dynamics of proteins in solution (77) on the fluorescence time scale (i.e. nanoseconds),
which allows for example to probe rotation of the entire protein or segments thereof.

In Chapter 2 I will provide theory surrounding concepts and examples of how mass
spectrometry can be implemented in the analysis of proteins higher-order structures (i.e.
conformational analysis and non-covalent interactions). These concepts will be further used in
the work described in this thesis to elucidate the role of the cytotoxic DNase domain in the
colicin system.

The work described in Chapter 3 is focused on the conformational dynamics of colicin

E9 DNase by taking the unique capability of ESI-MS to allow simultaneous assessment of
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conformational heterogeneity and metal ion binding. Alterations in charge state distributions on
metal ion binding/release were validated with spectral changes observed in far- and near-UV CD
and intrinsic tryptophan fluorescence. In addition, hydrogen/deuterium exchange experiments
were used to probe structural integrity.

Chapter 4 extends the work described in chapter 3. The conformational stabilities of the
four (E2, E7, E8 and E9), highly homologous, colicin DNases were compared side-by-side.
These showed that the thermal stabilities of the apo-proteins differ by up to 20 °C. The observed
differences correlate with the observed conformational behavior, i.e., the tendency of the protein
to form either an open, less stable, or closed, more stable, conformation in solution, as deduced
by both tryptophan accessibility measurements and ESI-MS studies. Kunitz DNase activity
assays were performed for all four colicins to monitor the kinetics of DNA hydrolysis at
different temperatures.

The work described in Chapter 5 is a time-resolved fluorescence and anisotropy study of
colicin E9 DNase to further investigate the conformational dynamics on the nanosecond
timescale in combination with steady state acrylamide quenching experiments. The dynamic
properties of the apo-enzyme were compared to those of the E9 DNase ligated to the transition
metal ion Zn>" and the natural inhibitor Im9. Further I investigated the contributions of each of
the two tryptophans within the E9 DNase (Trp22 and Ttp58), using two single-tryptophan
mutants (E9 W22F and E9 W58F).

In Chapter 6 I describe the measurement of the ligation of a single phosphate ion to the
enzyme colicin E9 DNase via electrospray ionization mass spectrometry (ESI-MS). In contrast
to what was expected from extensive X-ray structural data this single phosphate ion ligation
turned out to be specifically regulated by preceding Zn’* ligation to the enzyme. The ESI-MS
data presented here were validated by isothermal titration calorimetry (ITC). As DNA is the
natural substrate of the enzyme I have hypothesized that the findings reported here have impact
on the detailed functional mechanism of the enzyme and the role of the metal ion co-factors
therein.

Chapter 7 extends the work described in chapter 6 to elucidate further the biological
impact of the specifically regulated ligation of the single phosphate ion. To find the origin for
this inhibition alanine mutants were constructed for the metal ligating (H102, H127 and for
H131 that possibly ligates the metal ion) and phosphate ion ligating residues (H103 and Arg5).
ESI-MS was used to study the Ni*', Zn®" and single nucleotide (rAMP and dAMP) binding
capabilities. Moreover, ITC experiments were performed to complement the ESI-MS findings.

The final chapter of this thesis, Chapter 8, offers a summarizing discussion.
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Infroduction to mass spectrometry

Mass spectrometry is a technique that has already been around for more than 100 years.
However, over the last decade mass spectrometry (MS) has developed into a mature tool to study
larger biomolecules in general and proteins in particular. MS has proven to be extremely useful in
determining the primary structure of proteins including possible post-translational modifications.
Therefore, currently MS is a key technology in proteome research. MS-based proteomics is a
discipline made possible by the availability of gene and genome sequence databases and technical
and conceptual advances in many areas but most notably by the discovery of ionization methods
for larger biomolecules. Today, MS-based proteomics is a multifaceted, rapidly developing open-
ended endeavor. Also recently, MS has been utilized in the analysis of secondary and tertiary
protein structures, for instance in combination with hydrogen/deuterium exchange (e.g. (7, 2)).
Additionally, MS has been applied to study quaternary structures of proteins and protein
complexes and their interactions with enzymes, cofactors, substrates or other ligands. The use of
MS in the analysis of protein higher-order structures are the main focus of this chapter. In mass
spectrometry we can in general separate the methodology in three different stages; 1) sample
introduction and ionization, 2) separation of ions according to their mass-to-charge ratios in time
or space and, 3) ion detection and recording of the mass spectrum.

For many years electron impact (EI) and chemical ionization (CI) were the only
ionization methods available for analyzing molecules by MS, although these methods were
limited to volatile compounds. In the early 1980’s a new ionization technique was introduced
termed plasma desorption MS (3, 4). In PDMS secondary gaseous ions are generated in a
sputtering process by bombardment with high-energy primary ions (MeV). PDMS was one of
the first ionization techniques that allowed the analysis of peptides. A real breakthrough for this
application in protein chemistry at that time came after the observation in mass spectra of
molecular ions of larger peptides such as insulin (5). Subsequently, Barber and co-workers
developed around 1980 an ionization technique based on bombardment with neutral atoms (e.g.
Xe, Ar) (6) termed fast atom bombardment (FAB) MS. FABMS was a useful ionization method
that, like PDMS, allowed observation of molecular ions of larger peptides (7, §). FAB involves
the bombardment of a solid mixture of a matrix (small organic species, e.g. glycerol or
thioglycerol) and analyte by a fast particle beam of neutral Ar or Xe atoms. When this high-
energy atom beam strikes the matrix, kinetic energy is transferred to the surface molecules and is
dissipated in various ways, some of which result in evaporation and ionization of both matrix
and analyte molecules. These two techniques, PDMS and FAB, opened the development of new
strategies in protein analysis and made it possible to analyze compounds of higher mass up to
several tens of kDa. Disadvantages were still the low upper mass limit, the low ionization
efficiency (9) and the high background due to matrix ion signals. Although PDMS and FAB were

important developments, the current prominent role of mass spectrometry in the analysis of
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biological macromolecules is particularly due to two major technical breakthroughs in the late
1980’s: the development of matrix-assisted laser desorption/ionization (MALDI)-MS and
electrospray ionization (ESI)-MS. The inventors of these novel ionization methods, John Fenn
and Koichi Tanaka, were awarded by the 2002 Nobel prize in chemistry indicating the
importance of these developments. The development of the ‘soft’ ionization techniques MALDI
and ESI was revolutionary since it permits analysis of biomolecules in a mass range of up to and
over 100 kDa. These techniques require less energy and thereby introduce the biomolecules
intact into the gas-phase. Nowadays, these two techniques are routinely used on a wide variety of
biomolecules, especially for peptide and protein analysis. The sensitivity of these two techniques
is considered to be extremely good, reaching down to the femtomole level. In the following

sections the principles of MALDI and ESI will be discussed in more detail.

Electrospray ionization mass spectrometry

The principle of ESI found its origin in molecular beamwork at the end of the 1960’s and
was first described by Dole et al. (70). The potential of ESI as a mass spectrometric technique
was for the first time demonstrated by Fenn and co-workers in the late 1980’s. They described
that molecular ions (i.e. proteins) with a high charge-state could be obtained (77). The ESI
process is shown schematically in Figure 1. Electrospray is basically based on two processes: 1)
the generation of a fine spray of charged droplets and, 2) the removal of the solvent to produce
molecular ions (e.g. proteins). As described in detail by Kebarle (72) in electrospray initially small
charged droplets are formed at the tip of the capillary and are electrostatically attracted to the
mass spectrometer inlet. Due to the action of the applied electric field on the solution at the
capillary tip (1-4 kV) the liquid is enriched for positive ions (in positive ion mode).

Two mechanisms have been proposed to explain the final gas-phase ion formation
named (a) the charge residue model and (b) the ion evaporation model. The first mechanism
proposes that ions detected in the mass spectrometer are the charged species that remain after all
of the solvent has evaporated from a droplet (73). Continuous evaporation and fission events
would eventually leads to the formation of “droplets” containing a single highly charged ion. In
the evaporation model, ions are emitted from the small, highly charged droplets when the
repulsion between the charged ion and other charges of the droplet cause expulsion of the ions

(74) In ESI the formation of ions take place at atmospheric pressure and is very gentle (75, 76).
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Figure 1. Illustrating the nano-flow ESI process in the positive ion mode. The nano-ESI source
disperses the liquid analyte purely by electrostatic means. Continuous evaporation and fission events
would eventually leads to the formation of “droplets” containing a single highly charged ion [Adapted
from Ganem et al. (77)].

The introduction of nano-flow ESI, which is a low-flow variant, has played an important
role in the analysis of proteins. This allowed the analysis of very small amounts of analyte due to
an introduction rate of nanoliters per minute (75). Using nano-ESI MS, typically less than 1 ul is
introduced into the ion source through a gold-coated glass capillary with an orifice of 1-3 pm.
The nano-ESI source disperses the liquid analyte purely by electrostatic means and no assistance
such as nebulising gas is needed. It improves desolvation, ionization, and transfer efficiencies
into the mass analyzer. The initial droplets have a diameter of less than 200 nm, thus, their
volume is about 100-1000 times smaller than that of the droplets generated using conventional
ESI sources. In this way nano-ESI enables analysis of proteins at concentrations of less than 1
pmole/ul. A small drawback is that the evaporation process favors solvents and buffers that are
volatile. This puts certain restrictions on its compatibility with wet biochemical procedures; ESI-
MS is most suited for analysis of samples that are highly purified in terms of salts and low-
molecular-weight contaminants.

On the other hand, a great advantage of ESI-MS is that it is very well suited to study
protein-protein, protein-ligand and protein-metal interactions since in the ESI process weak non-
covalent interactions may be preserved. The use of ESI-MS for such applications is rapidly
expanding and is even not solely restricted to investigate protein interactions on the inter- but

also on the intramolecular level, e.g. in protein folding as further discussed in this chapter.
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Matrix-assisted laser desorption ionization mass spectrometry

The first results of laser/desorption ionization of high weight molecules were presented
in 1987 at the 2™ Japan-China Joint Symposium on Mass spectrometry and published in 1988
(78). In the original work, Tanaka and co-workers used a sample preparation where the analyte is
mixed with ultrafine cobalt powder and glycerol as vacuum-stable binding medium. When
irradiated with a laserpulse glycerol and intact analyte molecules could be desorbed into the gas
phase. Nowadays, the original method is hardly used. Instead a closely related method, martix-
assisted laser desorption/ionization (MALDI) developed by Karas and Hillenkamp has become
the method of choice (79). This technique requires a solid matrix with which the sample is co-
crystallized. The three most frequently used matrices for the analysis of proteins and peptides are
a-cyano-4-hydroxycinnamic acid, 2,5-dihydroxybenzoic acid, and sinapinic acid. The matrix o-
cyano-4-hydroxycinnamic acid is mostly used for the analysis of peptides and small proteins and
peptides. Sinapinic acid, in contrast, is mostly used for larger proteins. 2,5-dihydroxybenzoic acid
is a more generally applicable matrix for both peptides and proteins. The matrix absorbs most of
the incident energy and is believed to facilitate the ionization process. The charged molecules are
directed by electrostatic lenses from the ionization source into the mass analyzer. Subsequently,
time-of-flight analysis is often used to separate the ions according to their mass-to-charge ratio.
In contrast to ESI, the ionization process in MALDI, mainly yields singly charged proteins or
peptides (20) which makes analysis of mixtures of proteins or peptides relatively simple. MALDI
has many attractive features. First, the sensitivity is remarkably high, with spectra of as little as 1
tmole of lysozyme being reported (27). Very little suppression is observed in mixture analysis
(22). The tolerance to the presence of salts and impurities of various kinds is high, which allows
analysis of crude samples of biological origin (23). This high tolerance has been explained by co-
crystallization of the protein with matrix molecule with concomitant exclusion of impurities

from the crystals (24). A drawback of MALDI is that protein complexes are often not preserved.

lon separation and detection

Once the ions have been produced, they need to be separated according to their mass-
to-charge ratios (m/z), which must be determined. Thete are many different mass analyzers, just
as there are a great variety of ion sources. In recent years the development of hybrid mass
analyzers brought together several advantages from different MS analyzers. Hybrid systems
combine two different mass analyzers. Presently, the most frequently used hybrid mass analyzer
is the quadrupole time-of-flight system.

A quadrupole (Q) is a device that uses the stability of the trajectories in oscillating electric
fields to separate ions according to their mass-to-charge ratios. In case of a positive ion entering
the space between the rods the ion will be drawn towards a negative rod. If the potential changes

sign before it discharges itself on this rod, the ion will change direction. By applying an
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alternating radio frequency (RF) on top of a direct current (DC) voltage, ions traveling at
relatively low velocity with different (m/z) values follow different trajectoties through the rods.
At a particular voltage, ions with a certain m/z value traverse the quadrupole, while others
collide with the rods and are lost. By scanning the voltages keeping the ratios between the DC
and the RF voltages constant, ions with different m/z values pass successively through the mass
analyzer. A quadrupole analyzer is very well suitable for coupling with ESI, since it can operate at
relatively high pressure and does not require high accelerating fields. Drawbacks of a quadrupole
instruments include their relatively low resolution and their limited mass range (typically up to
m/z 3000-4000)

In the quadrupole time-of-flight hybrid mass analyzer, a quadrupole is coupled to a time-
of-flight (ToF) analyzer, resulting in a Q-ToF mass spectrometer. The ToF analyzer is one of the
simplest mass analyzing devices and is commonly used with MALDI and ESI. ToF is based on
accelerating a set of ions to a detector with the same amount kinetic energy (E,). Since E, = 72
mv’, where m stands for the mass of the ion and » for the velocity of the ion, ions will fly a
certain distance & (which is given by the length of ToF tube) within a time % where #is dependent
on the m/z of the ion. The most important drawback of linear ToF analyzers is their poor mass
resolution. An electrostatic reflector, also called a reflectron, may be incorporated into the flight
tube to reduce the spread in initial kinetic energies of the ions produced and so improve the
resolution. For an extensive review on the fundamentals of Q-ToF analysis, see ref. (25)

Most commonly a hybrid tandem mass spectrometer is constructed from a quadrupole
and an orthogonal ToF mass analyzer (see Figure 2). In order to record mass spectra using this
instrument, the quadrupole operates in the RF-only mode and acts as a wide band-pass filter
transmitting ions across the entire m/z range. The ions are in a pulsed mode extracted
orthogonally into the flight tube to correct for spatial or velocity spread of the ions in the
direction of the ion soutce and so improve resolution (25). In the MS/MS mode, the quadrupole
setves as a mass filter for selection of precursor ions up to m/z 4000 for collision induced
dissociation (CID). For the work described in this thesis mostly an orthogonal ESI-Tol
instrument was used (Figure 2). In this instrument ions generated in the ESI source are focused
and transferred through two stages of differentially pumped vacuum chambers using hexapole
ion bridges before they are orthogonally accelerated into the reflectron ToF analyzer. The reason
for the use of this instrument is that the work presented here focuses on intact protein molecules

and thus MS/MS is not really required.
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Figure 2. Schematic representation of a Micromass ESI TolF mass spectrometer.

Structural analysis of proteins

Conformational changes based on charge-state distribution

It was not long after the introduction of ESI-MS that the potential of this technique to probe
higher-order structure of proteins was realized. Much of the early work with ESI was focused on
the mechanistic aspects of desorption and ionization events. Solutions of pH 3-4 were
commonly used for basic peptides and proteins because of their optimal ionization efficiency.
The effect of higher pH toward the neutral, physiological regime and to the more basic end of
the pH scale was studied for their effects on biological molecules (26-28). Early studies (29, 30)
demonstrated that folded and unfolded proteins produced a different distribution of charge-
states in their electrospray mass spectra. One obvious difference observed from high pH
solutions was that the charge distribution typically shifted towards lower charging or higher
mass-to-charge. Fenn et al. have explained this phenomenon within the “ion-evaporation” model
(37). According to that theory, tightly folded protein molecules are expected to have significantly
smaller projected areas compared to less-structured protein molecules, and would, therefore,
accommodate fewer charges on the surface during the ion evaporation stage. As a result, two
protein molecules whose geometries are very different from each other (e.g. compact folded
states versus less-folded states) will produce ions with significant differences in charge density. If
both states are populated simultaneously in solution under certain conditions, then the resultant
charge-state distribution in the ESI spectrum could exhibit a bimodal character. This effect has

been utilized extensively over the past several years to investigate protein-unfolding reactions.
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Konermann and Douglas pioneered this approach to study acid induced unfolding of several
proteins (32-34). For instance in Figure 3 ESI-MS spectra are shown of cytochrome ¢ sprayed
from solutions at different pH. Between pH 8.5 and 3.2 cytochrome ¢ is folded and displays a
“low” charge distribution. When the pH is further reduced ESI-MS spectra reveal a “high”
charge distribution indicative for a more unfolded protein. Related to this Mohimen et al.
reported a chemometric approach for the analysis of multiple overlapping charge-state

distributions to resolve protein conformers in solution (35).

T . T T Figure 3. ESI mass spectra of cytochrome ¢
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More recently, Konermann and coworkers developed an approach for studying protein
folding termed “time-resolved ESI”. This interesting approach has been used to study the
folding of cytochrome ¢ (36) and myoglobin (32). In the first of these studies, acid denatured

cytochrome ¢ and a buffer (pH 3.0) were rapidly mixed using a continuous-flow mixing
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apparatus connected directly to the mass spectrometer. ESI was used to monitor changes in
charge-state distributions with a time resolution of about 0.1 seconds. In this case, no
conformational intermediate between folded and unfolded protein was detected. In contrast to
these results with cytochrome ¢ a similar time-resolved ESI experiment with holo-myoglobin
revealed the presence of an intermediate partly unfolded holo-myoglobin species during its acid-
induced denaturation into apo-myoglobin (Figure 4). The decay of the peak intensity of the
charge-state distribution of the partly unfolded holo-myoglobin revealed that the lifetime of this
intermediate was on the order of 0.4 seconds, which correlated well with lifetime measurements

obtained in a related stopped-flow solution phase experiments.
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The “time-resolved ESI” experiments illustrated here show that ESI mass spectrometry can be
used to detect intermediates in protein-folding processes. Furthermore, ESI-MS has the
advantage over other techniques such as circular dichroism (CD) and steady state fluorescence in
that sub-populations of protein conformers can be analyzed individually instead of the properties

of the ensemble of the different sub-populations.
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Protein structural analysis by hydrogen deuterium exchange

In the previous section I described applications of the use of charge-state distributions in protein
conformational analysis and how this may be used to distinguish between folded and unfolded
forms of a protein. Although charge-state distributions are highly informative about
conformational states of a protein, an even more detailed view can be achieved by
hydrogen/deuterium (H/D) exchange experiments. H/D exchange has long been used to obtain
structural and dynamic information (37, 38) and mass spectrometry has simply extended these
capabilities. The principle of H/D exchange is that some of the solvent exposed hydrogens in
proteins are capable to exchange with hydrogens from the solvent molecules surrounding the
protein. If an isotope of hydrogen is used as the solvent, such as deuterium oxide (D,O),
incorporation into the protein leads to a mass increase that can be monitored. There are several
different kinds of hydrogens in proteins. Hydrogens covalently bound to carbon essentially do
not exchange, whereas the free amine hydrogens located at the side chains may exchange very
rapidly. Backbone amide hydrogens exchange relatively slow partly because these can be involved
in the formation of hydrogen bonds in secondaty structural elements (e.g., 0-helices or B-sheets).
The rate of exchange for these amide hydrogens is typically dependent on solvent accessibility
(protein conformation), temperature and pH. Amide hydrogens buried within the hydrophobic
core of a protein, or those involved in intramolecular hydrogen bonding can have exchange rates
up to eight orders of magnitude slower than solvent-exposed amide hydrogens (39). The general
assumption is that proteins with open structures have more hydrogens that are accessible to the
solvent (D,0), and therefore H/D exchange will proceed to a greater extent. One of the first
applications of ESI-MS to monitor H/D exchange was reported by Katta and Chait (40, 47).
They detected the exchange of labile hydrogens with deuterium by monitoring the mass increase
of the intact protein. In case of ubiquitin they showed that only 62% of the exchangeable
hydrogens in “native” ubiquitin exchanged with solvent deuterons, compared to 91% exchange
for the unfolded molecule. Exchange rates can be highly informative about the state of a protein
and this has been used in a number of different systems over the last decade including: a-helical

or PB-sheet peptides (42), lysozyme (41, 43) GroEL-bound human dihydrofolate reductase

(DHFR) (44), GroEL-bound a-lactalbumin (45), myoglobin (46), cytochrome ¢ (47), and
calmodulin (48).

In one interesting case, the role of a single amino acid mutation in the stability of
cytochrome ¢;; was investigated (49). Four mutant proteins were constructed in which Tyr 64
was replaced with either Phe, Leu, Val or Ala. Subsequently the rates of H/D exchange were
determined for each mutant (Figure 5) and were used to evaluate the relative stability of these
four analogs in comparison to the wild-type: wild-type > Y064F = Y64L >Y064V > YG64A. Data
obtained with the Phe, Leu and Val mutants using spectrophotometric methods (50) indicated
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that only the Val mutation destabilized the protein, whereas the Phe and Leu mutations had no
effect on protein’s stability.
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Figure 5. The time-course of H/D exchange in wild-type cytochrome css3 and four analogs. Based on the
isotopic exchange rates, the relative stabilities of the mutants were found to be: wild-type > Y64F = Y64L
> Y64V> Y64A. [Adapted from Guy et al. (49)]

An interesting strategy to further monitor protein conformational dynamics was
demonstrated by Simmons and Konermann by combining time-resolved electrospray ionization
(see previous section) in conjunction with H/D exchange (7). In Figure 6 the experimental set-
up of this approach is shown schematically and involves both the rapid mixing of first native
heme with unfolded apo-myoglobin followed by mixing with D,0O. The reaction time for
reconstitution of holo-myoglobin can be varied by the length of the mixing capillary (57). This
approach combines structural information from the ESI charge-state distribution and from the
H/D exchange levels of individual protein states, while at the same time different ligand binding
states can be monitored. This technique was used to study the reconstitution of holo-myoglobin
(hMb) from unfolded apomyoglobin (aMb) and free heme. In this way they observed a short-
lived folding intermediate with two heme groups attached representing a protein-bound heme
dimer. This state appeared to have a compactness close to that of native hMb; however, H/D
exchange results indicated a significantly perturbed structure.

A complication in on-line H/D exchange MS is that the final reaction mixture must be
compatible with MS. Thus, the use of urea, guanidine salts, or other non-volatile solvent

additives can be difficult. Folding experiments triggered by a pH jump are relatively easy.
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Figure 6. Scheme of the continuous-flow apparatus used to monitor the reconstitution of holo-
myoglobin by isotopic pulse-labeling with on-line ESI-MS detection. Heme in basic solution and acid
denatured aMb are mixed at mixer M1, where reconstitution is initiated at pH 10.4. After various reaction
time (90 msec to 1.9 sec), the mixture is diluted with D>O in a 4:1 ratio (v:v) for isotopic pulse-labeling at
mixer M2. On-line analysis by ESI-MS occurs 7 ms after initiation of H/D exchange [Adapted from
Simmons and Konermann (7)]

Most of the H/D exchange work in the examples given above characterized the global
behavior of proteins and polypeptides. Smith et al, introduced an elegant method by adapting a
technique originally developed to probe 1H/3H exchange in a more site specific fashion (52-54).
This methodology uses an enzymatic digestion of the protein under slow-back-exchange
conditions, followed by measurement of the isotope incorporation in the proteolytic fragments.
In the mass spectrometry-based strategy developed by Smith et al., protein amide exchange is
quenched by reducing the solution pH to 2-3, and the temperature to 0 °C, followed by rapid
proteolytic fragmentation of the protein with pepsin. The number of amide deuterons present in
each peptic fragment can then be deduced directly from mass measurements, following the
separation of peptic fragments with fast HPLC (55). A general scheme of this methodology is
presented in Figure 7.

Following several modifications (56) this approach to produce site-specific H/D
exchange data has become very popular. One important modification of this procedure utilizes
immobilized pepsin, so that the entire protein sample can be passed through a series of columns
to digest separate peptides prior to MS analysis. Back exchange that occurs during the proteolysis
and peptide separation steps does not appear to exceed 10%, and may be accounted for by
introducing a “back-exchange” correction factor (57, 58). Importantly, these “local” H/D

exchange measurements can be carried out in parallel with “global” dynamics studies.
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Figure 7. Procedure used to determine deuterium levels in short peptide segments of intact proteins
incubated in D>O.

Although ESI has thus far been the most popular technique in combination with
exchange measurements, MALDI is now also gaining acceptance in the field. Early studies were
carried out by Mandell et al. using the standard protocol (H/D exchange-quench-proteolysis)
implemented with MALDI-MS to monitor deuterium incorporation in a site specific fashion
(59). Only minor modifications of established MALDI sample preparation protocols are required
to carry out such experiments. For instance, quenching of amide and peptic digests after
exchange are followed by chilled and rapid drying of samples on the MALDI target to ensure
minimal loss of deuterons from peptide amide groups. It was found, however, that when the
sample remains completely dry and is kept under high vacuum during the analysis, the deuterium
content decreases gradually over time. Therefore, a correction for the back exchange prior to

mass analysis had to be made (59).

Non-covalent protein complexes

Non-covalent interactions of proteins are important in many biological processes, such as in
signaling cascades, enzyme-substrate or enzyme-drug interactions and multi-protein machineries
including for instance viruses and proteasomes/ribosomes. ESI-MS with its unique ability to

preserve weaker non-covalent bonds when transferring species from solution into the gas phase,
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has recently proven to be extremely useful for studying protein conformations and to
characterize non-covalent protein complexes, including their dynamic behavior.

Although it is evident that the conformations and structures of multiple charged,
desolvated proteins in the gas-phase are not identical to the corresponding structures in solution
(60), there are pieces of indirect evidence which suggest that data obtained by mass spectrometry
may sometimes be used to extract information about that species relevant to its behavior in
solution. The most clear evidence lies in the specificity of the non-covalent interactions observed
with ESI-MS in many well-documented cases, whereby the by MS detected non-covalent
interactions are consistent with those measured using solution-phase based methods. Starting
from the eatly reports showing the ability to observe intact non-covalent complexes using ESI-
MS, (40, 67) numerous studies have now been described using this technique (60). Quite a range
of different types of interactions have been reported including protein-metal, protein-ligand,
protein-oligonucleotide/DNA/RNA and protein-protein interactions. In the following section I
will describe several illustrative recent studies, relevant to the work described in this thesis,
without giving a comprehensive review of the vast literature on the application of mass

spectrometry to investigate noncovalent protein interactions studies (see for reviews (62-65)).

Protein-metal interactions

ESI-MS has become very useful in the study of non-covalent protein-metal interactions. ESI-MS
can provide a direct and accurate measure of the metal-binding stoichiometry of a protein, based
on an observed shift in the mass of the protein arising from the non-covalent binding of the
metal ions (66-68). Here just two such examples have been described. First, ESI-MS has been
used to evaluate the metal-binding stoichiometry of the Ca®" -binding protein, calbindin D g
(69). Calbindin is composed of six EF-hand Ca*'-binding domains. Traditional methods
suggested a stoichiometry anywhere from three to six Ca’‘-binding sites (70-72). ESI-MS
conclusively showed that one calbindin D28K molecule binds 4 Ca®* ions (69). This conclusion
was based on a mass difference of 151 Da between the metal-free protein and the protein
saturated with Ca®* (4 x 38 = 152). The mass of Ca”" ion is 40 Da, however a mass increase of 38
Da is observed for each Ca*". This result is observed since Ca** ions, and divalent metal ions in
general, replaces two protons (2 Da) upon binding.

The second example shows how ESI-MS was used to measure conformational changes
within the DNA-binding domain of the vitamin D receptor (VDR DBD) upon binding zinc
(Zn®") (68). As increasing concentrations of Zn*" were added to the VDR DBD, a gradual shift
in the mass envelope to lower charge states was observed in the multiply charged spectrum. The
shift in the charge states was correlated to changes observed in the far-ultraviolet circular
dichroic (far-UV CD) spectrum of the protein as it was titrated with Zn*". Both the multiply
charged ESI and far-UV CD spectra of the Zn*'-titrated protein show that the binding of the
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first Zn’" ion to the protein results in very little conformational change in the protein. The
binding of a second Zn*" ion resulted in a significant alteration in the structure of the protein as
indicated by changes in both the multiply charged ESI and far-UV CD spectra. The results
presented indicate that ESI-MS is a powerful method to measure conformational changes

induced by the binding of metals to metalloproteins.

Protein-ligand interactions

Some of the earliest studies showing non-covalent interactions by mass spectrometry between
ligands and proteins were the observation of the intact heme-myoglobin complex (40) and an
intact complex FK binding protein (FLBP) (67), the latter being an immunosuppressive binding
protein, bound to the immunosuppressive agents FKK506 and rapamycin. Since non-covalent
ESI-MS is able to measure the molecular mass of protein-ligand complexes it is able to accurately
distinguish two closely related ligands that bind to a common site. An illustrative example is the
study of the ras protein that may be bound by GDP and GTP (73, 74). The ras protein is
involved in the regulation of cell growth and differentiation; however, the protein is inactive
when bound to GDP. Therefore, when investigating uncontrolled cell growth it is important to
be able to differentiate between GDP-bound ras protein and GTP-bound ras protein. GDP
bound and GTP-bound ras proteins are easily distinguished using ESI-MS due to the differing
molecular mass between the two non-covalent complexes (Mw GDP-ras = 19295 Da; GTP-ras
= 19375 Da). The direct measurement provided by ESI-MS left no ambiguity to the identity of
the ligand bound within the active site of the ras protein.

ESI-MS is not only useful to determine the mass of the ligand and its binding
stoichiometry, it can also be used to evaluate the relative strength of different protein-ligand
complexes in solution (75-77). Loo et al. applied this to the SH2 domain on a tyrosine kinase
protein from the Src family (75). The SH2 domain mediates critical protein-protein interactions
in many signal transduction pathways (7). Therefore, it makes this a potential drug target for
intervention in a wide variety of biological processes. The binding of tyrosyl phosphopeptides
can mimic these interactions. The relative abundances of the multiple charged ions for the
complex between Src SH2 protein and several nonphosphorylated and phosphorylated peptides
were compared. The mass spectrometry data correlated well to the measured binding constants
derived from solution-based methods, indicating that the mass spectrometry-based method can
be used to assess the affinity of such interactions. ESI-MS of a solution containing Src SH2 with
a mixture of phosphopeptides showed the expected protein-phosphopeptide complex as the
dominant species in the mass spectrum, demonstrating the method’s potential for screening
mixtures from peptide libraries. Still, however, care must be taken when relating gas phase
findings with solution phase binding properties because there also reports that showed less

correlation (e.g. (79)).
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Another illustrative example by Rostom et al. (§0) dealt with the 58 kDa periplasmic
peptide receptor protein OppA that was allowed to interact with 11 peptides with diverse
properties. Peptides with two, three and five amino acid residues were added to OppA. ESI-MS
showed that the highest-affinity complexes were observed for OppA with tripeptide ligands.
Lower-affinity complexes were observed for OppA with dipeptide ligands and no complex
formation was detected with pentapeptides or a tripeptide in which the N-terminal amino acid
group was acetylated. Tripeptides containing a single D amino acid residue were found not to
bind to native OppA. Analysis of the proportions of peptide-bound and free proteins under low-
energy MS conditions showed a reasonable correlation with solution-phase K; measurements.
Increasing the internal energy of the gas-phase complex led to dissociation of the complex. The
ease of dissociation highlighted the stability of the complex. The results from this study correlate
very well with the physiological role of this protein in allowing into the cell di- and tripeptides

containing naturally occurring amino acids, regardless of their sequence.

Protein-DNA interactions

One of the first ESI-MS studies in which ds-DNA was complexed with a natural binding partner
involved the DNA-binding domain of the eukaryotic transcription factor, PU.1 (87). Mixtures of
PU.1-DNA Binding Domain (DBD) protein and wild-type target DNA sequence yielded ESI-
MS spectra showing only protein-ds-DNA complex ions of 1:1 stoichiometry and free ds-DNA.
When PU.1-DBD protein, wild-type target DNA, and mutant target DNA lacking the consensus
sequence were mixed, only the 1:1 complex with the wild-type DNA was observed, consistent
with gel electrophoresis mobility shift assay results. These results provided strong evidence that
the detected PU.1 protein DNA complex was not merely the result of a basic peptide interaction
nonspecifically with the negative phosphate DNA backbone. Furthermore, the data highlighted
the sequence-specific interactions between the protein and as observed in solution.

In another report Potier and co-workers used a similar approach to detect protein-DNA
complexes (§2). ESI-MS was used to study interactions among the trp apo-repressor (TrpR),
tryptophan, and its specific operator DNA sequence. The trp operatotr/repressor is one of the
most studied transcription systems in biochemistry (83). Binding of tryptophan to the repressor
protein changes its conformational shape and allows it to bind to its operator DNA sequence,
preventing transcription of genes by RNA polymerase. In 5 mM ammonium acetate, TrpR was
detected as partially unfolded monomer. In the presence of a 21-base-pair DNA possessing the
two symmetrically arranged CTAG consensus required for specific TrpR binding, a homodimer-
dsDNA complex with a 1:1 stoichiometry was observed. Furthermore, to check the binding
specificity of the TrpR for its target DNA they performed a competition experiment. In here, the
protein was mixed with an equimolar amount of three different DNA’s in which the two CTAG

sequences were separated by 2, 4, and 6 bp, respectively. Only the DNA with the correct
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consensus spacing of 4 bp was able to form stable interactions with TrpR. This experiment
demonstrates the potential of ESI-MS to test the sequence-specificity of protein-DNA
complexes.

Although the application of ESI to protein-DNA complexes is relatively new these two
reports show that mass spectrometry can provide precise binding stoichiometries and can
characterize relative affinities of a protein for a particular DNA sequence. However, one
disadvantage in the analysis of protein-DNA complexes is the high polarity of the DNA
phosphate backbone. Alkali metal cations have a tendency to bind very tightly to
oligonucleotides, which may lead to broader peaks and to erroneous mass measurements.
However, nowadays, the resolution of mass spectrometers is often sufficient to separate the

sodium adducts so that a very precise assignment of the complex may be measured.

Protein-protein interactions

Many proteins interact iz vivo strongly and/or weakly with similar proteins to form oligomers or
with other proteins to establish functional protein complexes and/or signaling pathways. ESI-
MS may provide direct, unambiguous data showing the formation of a protein-protein complex
based on the mass of the formed complex. This technique has a significant advantage compared
to other spectroscopic techniques, for instance, when examining cofactor dependent protein-
protein interactions (84, &5). The protein-protein and cofactor stoichiometry is readily
determined within a single experiment since the observed mass of the non-covalent complex
should be the sum of the masses of all these identities.

ESI-MS on the quaternary structure of 4-oxalocrotonate tautomerase was one of the first
studies in which the oligomeric state of a protein was probed by MS (86). 4-oxalocrotonate
tautomerase was estimated to be a pentamer on the basis of size-exclusion chromatography and
ultracentrifugation (§7). X-ray crystallography and mass spectrometry clearly showed that the
protein forms a hexamer of 41 kDa (86, 88). Four single point-mutated 4-oxalocrotonate
tautomerases, on the other hand, only formed monomeric proteins ions. Thus these data provide
information about the oligomerization behavior of wild-type protein and residues important in
maintaining the hexameric structure.

Following the pioneering work of the research group of Standing et al. several other
groups have used ESI-MS for the analysis of the stoichiometry of oligomeric protein complexes
of known and unknown composition. Interesting studies are reported on complexes of
proteasome activator proteins (89, 90), the chaperone complex GroEL (97), and many different
variants of hemoglobin (92-96). ESI-MS experiments have confirmed that GroEL is composed
of 14 non-covalently bound subunits arranged in two heptameric rings with a total molecular
mass of 800kDa (97). For its functional activity, GroEL requires the presence of a co-chaperone

GroES. The association of the mobile loop of GroES and the model substrate helix D from
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rhodandese to GroEL was also probed by mass spectrometry (97). Together, with the results
from fluorescence binding studies it was concluded that chaperone GroES and substrate
proteins have, at least partially, distinct binding sites even in the intact GroEL tetradecamer.
Hemoglobin is in most mammalian systems present as a tetrameric complex of
approximately 60 kDa possibly in equilibrium with dimers in lower abundance, as also revealed
by mass spectrometry. Mass spectrometry has been used extensively to study forms of
hemoglobin. For example, the study of hemoglobin S and fetal hemoglobin in blood from
patient material of patients with homozygous sickle cell disease (98). This study concentrated on
the quantitative distribution of asymmetric hemoglobin hybrid and other tetrameric species in
blood of patients with sickle cell disease. Therefore, the non-covalent association of hemoglobin

subunits was studied by ESI mass spectrometry. Mass spectra of both patient and fetal blood

revealed intact hetero-hemoglobin tetramers of both a,3, and hybrid o,yB. A unique tetrameric
marker protein of average mass 64.6 kDa was identified in hemolysates from patients with sickle
cell disease in accordance with the calculated mass of the asymmetric hemoglobin hybrid.

Another elegant study revealing the ability of mass spectrometry is in the investigation of
protein oligomerization on the transthyretin system (99). The tetrameric human protein
transthyretin transfers the hormone thyroxine and, through its non-covalent interactions with the
retinol binding protein, retinol. Transthyretin is thought to be one of the human proteins
involved in the formation of amyloid fibrils, which is associated with diseases such as
Alzheimer’s, type II diabetes and the transmissible spongiform encephalopaties. Under normal
conditions, transthyretin transports thyroxine and retinol, but misfolding of wild-type and single
point mutations lead to senile systematic amyloidosis and familial amyloid polyneuropathy,
respectively. Dissociation of the tetrameric transthyretin complex is thought to be the first step
in the formation of transthyretin amyloid fibrils (700). McCammon et al. examined a series of 18
possible inhibitors of this process by mass spectrometry (99). The ligands were evaluated for
their ability to bind to and stabilize the tetrameric structure, their cooperativity in binding to the
transthyretin complex and their ability to compete with the natural ligand thyroxine. The
observation of the multifaceted ten-component complex containing six protein subunits (four
transthyretin and two retinol binding protein), two retinol molecules and two synthetic ligands
allowed them to conclude that ligand binding does not inhibit association of transthyretin with
retinol bound retinol binding protein. Thyroxine and the probed synthetic ligands showed
different cooperativity characteristics. Negative, positive and non-cooperativity mechanisms
could be observed; amongst them the well established negative cooperativity for thyroxine
binding.

Another interesting example of the use of mass spectrometry on very large protein
complexes is the work of Pinkse et al. on the supramolecular assembly of Helicobacter Pylori urease

(107). H. Pylori is a gram-negative spiral bacterium infecting approximately half of the world’s
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population and an important etiologic agent in a variety of diseases (702). The abundant protein
complex urease is essential for survival in the acidic environment of the stomach. Urease
catalyses the hydrolysis of urea, present in the gastric juice, to ammonium and carbamate. It has
been suggested that the acid resistance H. pylori urease is probably dependent on its
supramolecular architecture and contributes to its ability to resist and survive in the harsh
conditions in the stomach. Therefore, urease is considered as a potentially useful target for
developing new therapeutic avenues for eradicating H. Pylori infections. H. Pylori urease consists
of two subunits, a 25.5 kDa a-subunit and a 61.7 kDa B-subunit (703, 104). Nano-flow ESI mass
spectrometry established that the urease complex has a molecular weight of 1,063,900 £ 600 Da,
corresponding to a dodecameric (aff);, assembly of o- and PB-subunits (Figure 8). The
obsetrvation that the dodecamer readily disassembles into (af3); subunits is in strong support for

a ((ap);), architecture. This structural design was consistent with the recently published X-ray

structure, revealing a spherical assembly of twelve catalytic (o) units (705).
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Figure 8. ESI mass spectra of H. Pylori urease, electrosprayed from an aqueous 200 mM ammonium
acetate solution, pH 6.4, at an estimated [0f}] concentration of ~20 uM, aquired in (A) positive ion mode

with a soutce temperature of 40°C; (B) with a source temperature of 70°C. [Adapted with permission
from Pinkse et al. (707).]

Conclusions

In this chapter I have described some of the prospectives of MS-based techniques for the

investigation of protein folding and protein non-covalent interactions related to the work
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described in this thesis. The examples presented in this chapter indicate that in recent years mass
spectrometry has become an alternative tool in structural biology that may complement more
established methods. Although mass spectrometry has its limitations, as it is still a gas-phase
based method, it also has its unique strengths. Mass spectrometry is highly sensitive, requiring
very little sample, is very selective and has nearly no limitations in size of the species under
investigation. As ESI-MS allows the simultaneous monitoring of multi-component species
(differentiating by mass) or even conformations (differentiating by charge) present in solution, it
allows the investigation of dynamic features, such as assembly of disassembly, and equilibria, and
therefore opens up the possibility to study particular biological problems that cannot easily be
addressed by alternative methods. The application of ESI-MS in structural biology is still in its
infancy, but I believe that it will grow quite extensively in the near future in the direction from
the more fundamental applications described in this chapter towards more pharmaceutical

applications.
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Abstract

Nano-Electrospray ionization time-of-flight mass spectrometry (nano-ESI-MS) was used to
study the conformational consequences of metal ion binding to the colicin E9 endonuclease (E9
DNase) by taking advantage of the unique capability of ESI-MS to allow simultaneous
assessment of conformational heterogeneity and metal ion binding. Alterations of charge state
distributions upon metal ion binding/release were correlated with spectral changes observed in
far- and near-UV circular dichroism and intrinsic tryptophan fluorescence. In addition,
hydrogen/deuterium exchange experiments were utilized to probe structural integrity. The
present study demonstrates that ESI-MS is sensitive to changes of the thermodynamic stability
of E9 DNase as a result of metal ion binding/release in a manner consistent with that deduced
from proteolysis and calorimetric experiments. Interestingly, acid-induced release of the metal
ion from the E9 DNase causes dramatic conformational instability associated with a loss of fixed
tertiary structure but secondary structure is retained. Furthermore, ESI-MS enabled the direct
observation of the non-covalent protein complex of E9 DNase bound to its cognate immunity
protein Im9 in presence and absence of Zn*". Gas phase dissociation experiments of the
deuterium-labeled binary and ternary complexes revealed that not Im9 but metal ion binding
results in a dramatic exchange protection of E9 DNase in the complex. In addition, our metal
ion binding studies and gas phase dissociation experiments of the ternary E9 DNase-Zn’*-Im9
complex have provided further evidence that electrostatic interactions govern the gas phase ion

stability.
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Infroduction

Colicins are bacterial protein antibiotics that are released in times of nutrient or environmental
stress by Escherichia coli (1). The family of E-type colicins can be subdivided in two major groups,
a) pore-forming colicins such as E1 (2) and b) nuclease colicins with either RNase activity (E3,
E5 and E6) or DNase activity (E2, E7, E8, and E9) (3, 4). Colicin E9 is a 60 kDa endonuclease
composed of three functional domains: the N-terminal translocation domain, the receptor
binding domain and the C-terminal cytotoxic domain (5). Although the cell killing mechanism is
still not completely understood, it apparently involves three steps. Initial binding of the colicin
E9 to the BtuB extracellular receptor for vitamin B, is followed by translocation of the E9
DNase domain into the periplasm through the Tol system of proteins (a process that is possibly
assisted by the porin OmpF) (7, 6). Upon entry of the DNase domain of colicin E9 into the
cytoplasm, cell death is caused by cleavage of the chromosomal DNA (7-9). The E9 DNase
domain has a high sequence homology with at least three other members of the DNase family
(the colicins E2, E7, and E8) (5). All these colicins share sequence identity with a larger group of
enzymes known as H-N-H endonucleases (70, 77). Under normal conditions colicin-producing
bacteria protect themselves from suicide by co-expressing a cognate immunity protein (3).
Colicin E9 forms a tight heterodimeric complex with its cognate 9.5 kDa immunity protein Im9
with a dissociation constant of approximately 10

other colicins (Im2, Im7 and Im8) also bind to the E9 DNase but with affinities that are 6-8

orders of magnitude weaker than the cognate immunity protein Im9, highlighting that these

M (72, 13). Immunity proteins specific for

complexes exhibit both high affinity and a high degree of specificity (74). Recent X-ray crystal
structures of the E9 DNase domain-Im9 complex (Figure 1) indicate that the E9 DNase is a
metalloprotein containing a single transition metal within the active site located more than 10 A
away from the protein-protein interface. The H-N-H motif located at the C terminus spans 33
amino acids and wraps around the bound metal ion to form the core of the E9 DNase active
site. Noteworthy, the transition metal ion is not essential for cleavage of double-stranded DNA
even so it is centrally located in the active site of the enzyme (75). The crystallography data also
revealed that the immunity protein does not bind directly at the active site of the DNase, but at
an adjacent exosite (76-78). It is believed that bound Im9 sterically and electrostatically repels the
putative substrate DNA and, thus, blocks the DNase activity (76, 79). An interesting
conformational feature of the E9 DNase has been revealed by NMR studies. The E9 DNase
interchanges between two conformers with a forward and a backward rate constant of
approximately 1.6 s’ and 1.1 s (at 15 °C), respectively (20, 27) and this conformational
equilibrium seems largely to be unaffected by the presence of Zn*". No extensive conformational

changes were observed upon Zn”*"-binding (22).
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Chapter 3

Figure 1. X-ray structure of the E9 DNase (solid ribbon) bound to Im9 (line ribbon) (PDB 1bxi). His
residues H102, H127 and H131 coordinating the metal ion. The fourth metal ligand is a phosphate ion.
Tryptophan residues W22 and W58 of the E9 DNase are highlighted.

In the present work, we report on the use of nano-electrospray ionization time-of-flight
mass spectrometry (nano-ESI-MS) to probe the effect of metal ion binding/release and Im9-
binding on the conformational properties of colicin E9 DNase. The determination of
composition of metalloproteins and -peptides by ESI-MS is well documented (23-25). ESI-MS is
also increasingly recognized as a technique capable to report on protein conformational changes
(26-29). Here we take advantage of the unique capability of ESI-MS-based approaches to
monitor conformational heterogeneity and metal ion binding simultaneously. In addition,
hydrogen/deuterium (H/D) exchange monitored by mass spectrometry is utilized to obtain
information regarding structural integrity, conformational heterogeneity and dynamics of the
metal ion protein interaction. Circular dichroism and intrinsic fluorescence spectroscopy are used
as complementary probes. We demonstrate that ESI-MS is capable to study in considerable detail
the interaction of the colicin E9 DNase with metal ions as well as with its cognate immunity
protein Im9. Furthermore, we provide evidence that ESI-MS is sensitive towards changes of the
thermodynamic stability of E9 DNase. We also point out some limitations of our mass

spectromettry-based approaches for studying conformational properties of proteins.
p ry PP ying prop P

Experimental procedures

Protein samples - Colicin E9 DNase and its immunity protein Im9 were expressed in Escherichia

coli and purified as previously described (73, 30). The concentrations for E9 DNase and Im9
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were determined by measuring the UV absorption at 280 nm, using € = 17,550 M"' cm™ and
11,400 M cm’, respectively (72). Confirmation of the expressed E9 DNase and Im9 by ESI-MS
under denaturing conditions, i.e. 50 (v/v) % acetonitrile/water containing 0.1% formic acid,
yielded average masses of 15,088.3 = 0.3 Da and 9,582.0 * 0.8 Da, respectively. Both
experimentally determined masses agreed well with the calculated masses (Table 1). The final
protein concentrations used were 13 uM unless stated otherwise. Zinc acetate, nickel chloride
and cobalt chloride (Merck, Darmstadt, Germany) were used without further purification. For
the pH titration experiments the ammonium acetate solutions were adjusted by adding acetic
acid or ammonia. The pH measurements were taken with a standard combi-electrode (Methrom

Ltd, Herisau, Switzerland).

Table 1. Summary of the calculated and measured molecular masses
of E9 DNase, E9 DNase bound to divalent transition metal ions,
Im9 and the immunity complexes.

Protein Calculated Measured
Mass (Da) Mass (Da)
apo-E9 15,088.0 15,088.2 £ 0.3
E9-Zn* 15,5154 15,151.2+0.3
E9-Ni?" 15,143.7 15,142.8 £2.0
E9-Co*" 15,144.9 9 15,146.2 + 5.0
Im9 9,582.5 9,582.0 + 0.8
E9Im9 24,670.5 24,688.0 + 3.0
E9-Zn*"-Im9 24,733.47 24,7335+ 0.7

9 The average mass calculated for the holo-proteins based on the
formula [apo-protein + # Me” - n m H* |, where # is the number of
metal ions and # their charge (23).

Preparation of deuterated proteins - The deuterium exchange experiments were proceeded by
pre-diluting the samples in 100 mM ammonium acetate (1:1) followed by a 1:25 dilution in D,O
(> 99.9 % D Aldrich) containing 50 mM ammonium acetate (pD 7.2). The fully deuterated
control samples were prepared by diluting the protein stock solutions (1:50) into D,O at pD 2.4

containing 0.1% formic acid and incubated overnight at 37 °C.

Mass Spectrometry - Time-of-flight electrospray ionization mass spectra were recorded on a
Micromass LC-T mass spectrometer (Manchester, U.K.) operating in the positive ion mode.
Prior analysis a 600-3000 m/z scale was calibrated with CsI (2 mg/ml) in isopropanol/water
(1:1). Samples for charge state distribution analysis were introduced via a nanoflow electrospray
source. Nano-electrospray needles were made from borosilicate glass capillaries (Kwik-Fil, World

Precision Instruments, Sarasota, FL) on a P-97 puller (Sutter Instruments, Novato, CA). The
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needles were coated with a thin gold layer by using an Edwards Scancoat (Edwards Laboratories,
Milpitas, CA) six Pirani 501 (at 40 mV, 1 kV, for 200 sec). In all experiments an aliquot (1-3 pl)
of protein sample at a concentration of 13 uM was introduced into the electrospray needles. The
nanospray needle potential was typically set to 1300 V and the cone voltage to 30 V. Source
block temperature was set to 60 °C. The temperature at the location of capillary tip was
measured with a thermocouple and was approximately 27 * 2 °C. During individual titration
experiments all parameters of the mass spectrometer were kept constant. For in source CID
MSMS experiments the cone voltage was gradually increased up to 80 V.

Analysis of acid-induced conformational changes of bimodal charge state distributions
were performed by assuming that the compact conformational state of the E9-DNase includes
the charge-states 7+, 8+ and 9+ (termed F). For the more destabilized or loosely packed, states
the charge-states 10+ to 24+ (termed U). The acid-induced folding curve as a function of pH
was obtained by calculating the ion peak atea ratio Ap/(Ay+Ay) where A and Ay, were obtained
by summing the ion peak areas of charge states assigned to the compact conformational state (F)
and the more destabilized or loosely packed, state (U) (37).

For the H/D exchange-in measurements "normal" ESI-MS was used to prevent the fast
exchanging deuterium atoms from back exchanging. Nitrogen gas was used as desolvation gas
with a flow rate of 250 1/h. The desolvation temperature was set 110 °C. The potential between
the needle and the cone of the mass spectrometer was 3000 V; the cone voltage was set for 30 V.
Samples were introduced into the ionization soutrce at a flow rate of 5 pl/min via a syringe
pump. (kdScientific Inc., New Hope, PA). The syringe and transfer tubing were flushed prior
sample introduction with the same solvent system to ensure that traces of previous samples were
removed. The degree of deuterium incorporation was deduced from the protein's mass shift
during the course of an experiment. The raw data were processed using the Masslynx software

3.5 with minimal smoothing.

Tryptophan fluoresence spectroscopy - Measurements of the intrinsic tryptophan fluorescence
emission of E9 DNase, Im9 and the heterodimeric complex were performed on a Perkin Elmer
LS50 luminescence spectrometer using an excitation wavelength of 295 nm. Emission spectra
were recorded from 300-450 nm. The excitation bandwidth was set on 5 nm and the emission
bandwidth on 10 nm. The protein concentrations were 6 pM each in 50 mM ammonium acetate
at various pH values. A quartz cell with a 5 mm path length was used at 25 °C. For the metal
loaded protein experiment measurements were performed with a 6-fold excess (33 uM) of zinc

acetate.

Circular Dichroism Spectroscopy - A dual-beam DSM 1000 CD circular dichroism (CD)

spectrophotometer (On-Line Instrument Systems, Bogart, GA) was used for CD measurements.
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The subtractive double-grating monochromator was equipped with a fixed disk, holographic
gratings (2400 lines/mm, blaze wavelength 230 nm), and 1.24-mm slits. Samples were measured
in a 1 mm-path length cell. The E9 DNase concentration was 8 uM in 50 mM ammonium
acetate. For the Zn’’-containing experiments a 3-fold excess (24 uM) of zinc acetate was used.
Denaturation was carried out by diluting the DNase in 6 M guanidine hydrochloride (Merck).
Far-UV CD spectra were recorded from 260-200 nm at 25°C.

The E9 DNase concentration in the near-UV CD measurements was 50 uM and was
measured in a cuvette with a path length of 10 mm. The subtractive double-grating
monochromator was equipped with 0.6-mm slits. For the Zn’’-containing E9 DNase
measurements a 10-fold excess of zinc acetate (500 uM) was used. Near-UV CD spectra were
recorded from 320-260 nm at 25°C. Fach measurement was the average of at least six repeated
scans (step resolution 1 nm, 1 s each step) from which the corresponding background spectrum
was subtracted. The measured signals were converted to molar absorbance difference, based on

mean residual weight of 112.6.

Results

Electrospray ionization mass spectrometry enables simultaneous observation of different
conformational states for apo- and holo-E9 DNase in solution - Initial efforts were directed

towards establishing experimental conditions that allow the observation of the metal protein
complex. The ESI mass spectrum of apo-E9 DNase, acquired in 50 mM ammonium acetate
adjusted to pH 7.2, displayed a bimodal charge state distribution encompassing a broad
distribution of charge states (with a maximum at 18+) and a second narrow distribution of
approximately 3 charge states (with a maximum at 8+) (Figure 2). The calculated masses of the
protein, using the individual two charge distributions, were both identical to the expected mass
of apo-E9 DNase (Table 1). Bimodal charge distributions of proteins in ESI mass spectra are not
unprecedented and it is assumed that protein populations with different conformational
properties attribute to the appearance of the ESI mass spectrum (268, 32, 33). In the present case
we assume that the charge states 7+, 8+ and 9+ originate primarily from more compact
conformational states (termed F, folded), whereas the ions with charge states between 11+ to
22+ are considered to originate from more unfolded, loosely packed conformational states
(termed U, unfolded). By using the total ion peak areas of the ion peaks termed F and U,
respectively, an acid-induced unfolding curve for apo-E9 DNase was deduced by plotting the
peak area ratio Ap/(Ay+A;) as a function of the pH of the solution (Figure 3). Upon further
acidification no significant changes in the ESI spectra of apo-E9 DNase were observed, although

the intensity of the highly charged ion peaks increased slightly (Figure 2).
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Figure 2. Nano-ESI mass spectra of the apo-E9 DNase recorded at different pH values: (a) 7.2, (b) 5.3,
(c) 4.1.

A particularly interesting structural feature of the E9 DNase domain is the so-called H-N-H
motif, an amino acid sequence stretch that is shared with homing endonucleases (70, 77). Two
histidine residues within the H-N-H motif (His102 and His127) and one additional His located at
the end of o helix 9 (His131) tetrahedrally coordinate the metal ion. A phosphate ion acts as a
fourth ligand in the X-ray structure (76, 79). The transition metal ion Zn*" binds with the highest
affinity to the H-N-H motif of E9 DNase (75). Thus, metal binding studies were initiated by
performing titration experiments with Zn*". Adding Zn" in stoichiometric amounts to a 13 uM
apo-DNase E9 solution at pH 7.2 resulted in mass spectra that exhibited a dramatically different
appearance compared to those observed for apo-E9 DNase under identical conditions. While for
apo-E9 DNase a bimodal charge state distribution was observed (Figure 2), for Zn**-bound E9
DNase a narrow charge state distribution encompassing exclusively charge states between 7+
and 9+ (Figure 4) was observed. The measured mass of 15,151.2 £ 0.3 Da indicated that these
ions originate from the E9 DNase protein bound to one single Zn®" ion reflecting the expected
1:1 stoichiometry. In case of one equivalent of Zn®*, binding appears to be completely saturated
(Figure 4b). Even with a large excess of Zn®" the protein with one metal ion bound was the
predominantly observed species (Figure 4c). Less than stoichiometric amounts of Zn®" resulted
in mass spectra displaying concurrently the bimodal charge state distribution typically observed

for the apo-protein and the narrow charge state envelope of the holo-protein (Figure 4a).
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Figure 3. pH induced unfolding curves for the E9 DNase were deduced by plotting the peak area ratios
Ar/(AutAr) as a function of pH. Unfolding curves of holo-E9 DNase and apo-E9 DNase are marked
with (®) and (#), respectively. Curve indicated with (A) is deduced from Afr 7 /(AF za TAF apo TAU).
Wheteby, (F) tepresents the folded conformer (from 9+ to 7+) and (U) the unfolded conformer (from
10+ to 22+) as illustrated in Figure 2. The data points for the unfolding curve of holo-E9 DNase were
extracted from nano-ESI mass spectra of E9 DNase in the presence of an equimolar amount of Zn?* in

50 mM ammonium acetate adjusted to different pH values. Some representative mass spectra are shown
in Figure 6.

ESI-MS reports prevalence of E9 DNase for Zn?* - Zn®" is reported as the metal ion having the
strongest affinity for the H-N-H motif of E9 DNase (K, in the low nM range), whereas the
affinity for Co®" and Ni*" is approximately 1000-fold lower (i.e. in the uM range) (75). Thus, we
were interested if metal ion affinities for the E9 DNase derived from nano-ESI-MS would reflect
the metal binding behavior in solution. Stoichiometric mixtures of the DNase and the two other
transition metal ions, Co”" and Ni*", respectively, were subjected to analysis. Mass spectrometric
analysis of a stoichiometric mixture of apo-E9 DNase and Co”" yielded ion species resulting in
an average mass of 15,088.2 £ 0.3 Da (i.e., metal-free E9 DNase) and 15,146.2 £ 5.0 Da (i.e.,
Co”*-bound E9 DNase), respectively, indicating the concomitant presence of the apo- and holo-
protein. The Co*'-bound holo-protein displayed again only a single, narrow charge state
distribution encompassing the charge states 7+ to 9+. The mass spectrum reveals further that
metal binding is not yet saturated when using one equivalent of Co’* (data not shown). A similar
experiment using a 1:1 molar mixture of E9 DNase and Ni*" provided an ESI mass spectrum
similar to the one observed for Co®’, although the charge envelope for Ni**-bound holo-protein
(giving an experimental mass of 15,142.8 + 2.0 Da) was relatively more abundant than the one
observed for the Co**-bound holo-protein (data not shown). Measured masses for the holo-

proteins demonstrating 1:1 stoichiometry of transition metal ion binding are summarized in
Table 1.
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Figure 4. Nano-ESI mass spectra of E9 DNase in presence of increasing amounts of Zn>*. Molar ratio
of zinc acetate to apo-E9 DNase (a) 0.25:1, (b) 1:1, and (c) 4:1. Ion peaks of Zn?*-bound and metal-free
E9 DNase are marked with filled circles (®) and open circles (0), respectively. The ion series marked with

* has an additional mass of 98 Da.

From the ESI mass spectra (at pH 7.2) obtained for the 1:1 mixtures of protein and
different transition metal ions ratios of apo- to holo-ions were calculated by summing up the
corresponding ion peak areas. These ratios are graphically presented in Figure 5. Assuming that
the deduced apo- to holo-ion ratios reflect relative metal ion binding affinities it is found Zn** >
Ni** > Co™, in qualitative agreement with literature data (75). Earlier work suggested that Mg**
does not bind to the protein at least in the absence of DNA, but that it is essential for the non-
specific endonuclease activity of E9 DNase, (75). Thus, Mg”* was used as a probe to test the
specificity of our mass spectrometry-based metal binding studies. Mass spectrometric analysis of
an E9 DNase solution containing a 9-fold excess of Mg-acetate in ammonium acetate (pH 7.2)
yielded exclusively the bimodal charge state distribution typically observed for the apo-protein.
No charge states of Mg”*-bound E9 DNase were observed (data not shown), thus stressing the

specificity of the mass spectrometry-based metal binding study.
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Acid induced metal release causes conformational destabilization of E? DNase - Pommer et
al. (75) have suggested previously that association of colicin E9 with the outer membrane
receptor BtuB and the periplasmic Tol proteins causes dissociation of both Im9 and the bound
metal ion, in preparation for translocation of the cytotoxic DNase domain into the cell possibly
via a destabilized state (75). Thus, we were interested to determine if the local acidic pH near the
membrane surface of the target cell may trigger the release of the metal ion causing
conformational destabilization of the DNase domain. ESI-MS is particulatly well suited for this
kind of conformational unfolding study because of its unique capability of monitoring
simultaneously different conformational populations and metal ion binding. To study the pH-
induced conformational transitions of the holo-E9 DNase, protein solutions with pH values
between 3.5 and 7.8 were analyzed by nano-ESI-MS. Three illustrative ESI mass spectra are
shown in Figure 6. The mass spectrum of the holo-E9 DNase at pH 7.2 was dominated by the
less charged peaks with the 8+-ion peak as the predominant one. All the ions observed originate
from the E9 DNase protein bound to one Zn*" ion. Decreasing the pH to 5.3 caused metal ion
release accompanied with the appearance of highly charged ion peaks in the lower m/z range.
No Zn’" binding was observed for these higher charge state ions that presumably originate from
less compact conformational states. Upon further acidification, the abundance of the highly
protonated charge states increased, but the maximum of the charge state envelopes remained at
18+ (Figutre 6). As described for the apo-protein, the Ap/(Ay+Ap) ratios were calculated from
the ESI mass spectra acquired at different pH values, and gathered in Figure 3, illustrating a
strong pH-dependent release of Zn*, which is apparently accompanied by major conformational

destabilization.
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Figure 6. Nano-ESI mass spectra of E9 DNase in the presence of an equimolar amount of Zn?* at pH
7.2 (a), 5.3 (b) and 4.1 (c) in 50 mM ammonium acetate. The filled circles (®) represent ion peaks of the
Zn?* bound and the open circles (0) ion peaks of the metal-free E9 DNase. The repeatedly observed ion

series with an additional mass of 98 Da is marked with *.

Mass spectrometric characterization of E9 DNase in complex with its cognate immunity
protein Im9? - To investigate E9 DNase in complex with Im9, an equimolar amount of Im9 was
added to a solution of E9 DNase in ammonium acetate adjusted to pH 7.2. The nano-ESI
spectrum of the E9 DNase-Im9 complex showed a very narrow charge state distribution
dominated by two charge states, i.e. 9+ and 10+ at m/z 2743 and 2469, respectively (data not
shown). The determined mass of (24,668.0 £ 3.0) Da agreed well with the expected mass of the
E9 DNase-Im9 complex (Table 1). These narrow charge state distributions are frequently
observed in studies of non-covalent complexes and are generally considered as an indication of
compact structures that are preserved in the gas phase (34). Interestingly, at pH 7.2 the most
abundant charge states observed in the ESI mass spectra of E9 DNase and Im9 are 8+ and 5+,
respectively. The apparent reduction in the degree of protonation observed for the complex may
to some extent be caused by salt bridges formed upon Im9 complexation linking Arg54 and
Lys97 of E9 DNase with Glu30and Glu41 of Im9, respectively (79).

Nano-ESI-MS of the ternary complex obtained by adding zinc acetate to the preformed
E9 DNase-Im9 complex (at pH 7.2) revealed a charge state distribution comparable to the one
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obsetved for the binary complex, encompassing the charge states 8+ to 10+ at m/z 2249, 2474
and 2749, respectively (Figure 7). The observed mass of 24,733.5 * 0.7 Da is consistent with the
expected mass of the Zn-bound E9 DNase-Im9 ternary complex (Table 1).
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Figure 7. Nano-ESI-MS spectra of the E9 DNase-Im9-Zn complex in 50 mM ammonium acetate, pH
7.2 at a cone voltages of (a) 40 V and (b) 60 V. The filled circles (®) represent ion peaks of the E9 DNase
containing the Zn?* ion and open circles (0) correspond to ion peaks of Im9 after cone voltage
dissociation. The filled and open circles combined (0®) denote ion peaks representing the E9 DNase-
Im9-Zn complex. The insert shows the 5+-ion peak of Im9 after cone voltage dissociation with up to
four Nat-ions remaining. The ion series marked with (x) is lacking a mass of 475 £ 3 Da, probably due to
a truncated Im9 variant missing the C-terminal tetrapeptide FKQG.

The gas phase stability of non-covalent complexes can be evaluated by collision-induced
dissociation (CID-MS) experiments (35, 36). Dissociation of non-covalent complexes is achieved
by increasing the internal energy of the ions entering the mass spectrometer. In our instrumental
setup, the cone voltage can be used to incrementally increase the internal energy of the multiply
charged ions until dissociation of the complex is achieved. Increasing the cone voltage above 35
V causes dissociation of the E9 DNase-Im9 binary complex resulting in two additional charge
state distributions besides the one of the binary complex. The charge state envelope below m/z
2400 encompassing the charge states 4+ to 7+ is assigned to Im9. A more detailed look at the

individual charge states of Im9 reveals presence of some sodium adduction. The second
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envelope with charges states +4, +5, and +6 at m/z 3774, 3019 and 2516 is attributed to apo-E9
DNase. Interestingly, apo-E9 DNase ion peaks do not show sodium adduction. We may
speculate that the high number of acidic residues in Im9 (16 out of 86) promotes alkali metal ion
binding. Similar persistent sodium adduction is encountered in ESI-MS studies of
oligonucleotides (37) and DNA-binding proteins (36) and here it is assumed that the highly
negatively charged phosphate backbone of the oligonucleotide causes very tight alkali metal ion
binding (38). At higher cone voltages very minor additional peaks, subsidiary to the predominant
charge envelope of Im9, appear which may indicate breakage of covalent bonds in Im9 (data not
shown).

Likewise, gas phase dissociation experiments of the ternary Zn*"-loaded E9 DNase-Im9
complex (Figure 7) yielded mass spectra with similar to those observed for the binary complex.
However, a more detailed analysis revealed that the charge state distribution assigned to E9
DNase results in an average mass of (15,151.1 + 0.4) Da consistent with one Zn**-ion bound to
E9 DNase. Despite the very high affinity of the E9 DNase-Im9 complex observed in solution, in
the gas phase disruption of the protein-protein interaction occurs prior to dissociation of the
protein-metal ion interaction. This is in accordance with the emerging view that electrostatic
interactions are enhanced while the hydrophobic effect becomes less significant in the gas phase
(39, 40).

Assessing the conformational integrity of E9 DNase by hydrogen/deuterium (H/D) exchange -
The E9 DNase domain possesses a total of 261 exchangeable hydrogens (123 backbone amide
hydrogens, 135 side-chain hydrogens and 3 hydrogens from both termini). For Im9, a total of
153 labile hydrogens were counted (82 backbone hydrogens, 68 side-chain hydrogens and 3
hydrogens from the termini). ESI-MS was used to monitor directly H/D exchange of peptide
amide and side-chain hydrogens. Consequently, multiply deuterated molecular ions, i.e. [M+D]™,
rather than multiply protonated protein ions, i.e. [M+H]", were observed. It is important to
point out that all H/D exchange experiments were monitored by "normal" ESI-MS and that the
protein solutions were introduced into the ESI source via a syringe pump. With this setup,
deuterium levels for fully deuterated E9 DNase and Im9 of 97 = 1% and 96 * 1%, respectively,
were observed.

H/D exchange data for the E9 DNase were obtained from three independent
measurements in the presence and absence of a 6-fold excess of Zn”" ions. An attempt was made
to follow the H/D exchange kinetically. However, it was observed that deuterium incorporation
had reached already a plateau-level approximately 2 minutes after diluting the protein solution
into deuterating ammonium acetate solution. Since this time is about the earliest time point that
was achieved with the current instrumental set-up, we decided instead to focus on the number of

deuterons present in the protein under equilibrium conditions, i.e. an incubation period of 5 min.
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More extended incubation periods (up to 1 hr) did not result in substantially higher deuterium

incorporation. The results of the H/D experiments ate summarized in Table 2.

Table 2. Levels of deuterium incorporation observed for E9 DNase, Im9 and the E9
DNase/Im9 complex in presence and absence of Zn?*. Noted as well are the deuterium levels
determined for E9 DNase and Im9 after collision-induced dissociation of the immunity

complex.
Deuterium incorporation after 5  Deuterium incorporation
min. H/D exchange pD 7.2 fully deuterated 9
complex protein % %
E9 246 £ 4 94+ 2 253+ 3 97 £1
E9-Zn2* 197+ 2 75+ 1 n.m.o n.m.o
Im9 115£5 75%3 147+ 2 96 £ 1
E9-Im9 E9 b 243+ 6 93+2 n.m. n.m.
Im9® 99+06 6514 n.m. n.m.9
E9-Im9-Zn2* E9-Zn2*® 188+ 3 72+1 n.m. n.m.9
Im9» 97+ 6 6314 n.m.o n.m.9

9 after 12h at 37°C in pD 2.4; b after cone voltage dissociation; 9 no complex at pD 2.4

For the apo-E9 protein at pD 7.2, H/D exchange resulted after 5 min in an average mass
increase of (246 * 4) Da corresponding to an exchange of (94 £ 2) % of all labile hydrogens to
deuterons (Table 2). No difference in mass increase was observed for any of the charge states
assigned to the bimodal charge state distribution typically observed for apo-E9 DNase. In
contrast, holo-E9 DNase domain showed a significantly lower deuterium uptake and the
observed average mass increase was (197 £ 2) Da, indicating that approximately (75 £ 1) % of all
labile hydrogens experienced exchange (Table 2). For the binary complex composed of apo-E9
DNase and Im9 a deuterium uptake of 342 £ 6 (83 £ 1 %) was determined, whereas the ternary
complex, i.e. Zn*"-bound E9 and Im9, showed a drastically lower deuterium incorporation (i.c.
285 + 6; 68 = 1 %) (Table 2). A somewhat lower deuterium uptake as a consequence of complex
formation is anticipated because previous solvent accessible labile hydrogens will become buried
within the protein-protein interface. However, to further be able to rationalize the drastically
different exchange behaviour of the binary compared to the ternary complex, the labelled
complexes were subjected to collision-induced dissociation experiments. Subsequently, the
deuterium levels were determined from the mass shifts of the complex constituents observed.
The deuterium level found for Im9 as a constituent of the binary complex was very similar to the
one which was found for Im9 in the ternary complex, namely approximately (99 * 6) in the

binary complex and (97 * 6) in the ternary complex (Table 2). In contrast, holo-E9 DNase when
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a constituent of the ternary complex showed significantly less deuterium incorporation, i.e. (188
+ 3) versus the (243 £ 6) found for apo-E9 DNase in the binary complex (Table 2).

Conformational studies of E9 DNase by tryptophan fluorescence emission spectroscopy - To
complement our mass spectrometric experiments we studied the consequence of metal
binding/release on the conformational properties of E9 DNase by intrinsic tryptophan
fluorescence emission spectroscopy. It has been shown previously that tryptophan fluorescence
emission is a sensitive probe to study changes of the tertiary structure of the E9 DNase (75). The
nuclease contains two Trp residues, W22 and W58 (Figure 1). Both Trp residues are part of
helical regions and are buried in the protein core. The Trp residues are therefore sensitive probes
to study the conformational transitions of E9 DNase upon acid-induced metal ion release and
complementing the mass spectrometry-derived findings on changes in the tertiary structure of
E9 DNase. The fluorescence spectrum of holo-E9 DNase at pH 7.4 in 50 mM ammonium
acetate shows an emission maximum at 334 nm indicating that the Trp residues are buried in the
non-polar protein core. The fluorescence spectrum of the apo-protein (under identical solution
conditions) was similar to that recorded for the holo-protein, i.e. A, = 334 nm, but with a slight
fluorescence enhancement. These data are in agreement with previously reported fluorescence
data obtained in potassium phosphate buffer (75) indicating that the absence of phosphate ions
seems not to substantially affect the tertiary structural properties of E9 DNase. This is important
because all mass spectrometric experiments were performed in 50 mM ammonium acetate
solutions (as preferred for the ESI process). Furthermore, the similarity of the fluorescence
spectra for apo- and holo-protein is interesting because dramatically different ESI mass spectra
were obtained for the holo- and apo-protein under corresponding solution conditions, i.e. for the
holo-E9 DNase a unimodal charge state distribution was observed whereas the apo-protein
exhibited a bimodal charge state distribution.

However, pH-induced unfolding experiments revealed differences in conformational
stability of apo- and Zn*"-bound E9 DNase. Illustrative fluorescence spectra of the apo- and
holo-E9 DNase are shown in Figure 8. Fluorescence spectra of the holo-E9 DNase did not
change significantly between pH 7.4 and 5.3, but further acidification caused red-shifting of the
fluorescence maximum to about 353 nm marking unfolding. In contrast, the fluorescence spectra
of the apo-E9 DNase revealed a gradual shift of the fluorescence maximum with decreasing pH
values. At pH 3.9 the fluorescence spectra of the apo- and holo-E9 DNase proteins were very

similar, exhibiting fluorescence maxima of 353 nm observed typically for unfolded states.
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Figure 8. Changes in the tryptophan fluorescence emission spectra during acid-induced unfolding of E9
DNase (6 uM), Im9 (6 pM) and E9 DNase-Im9 complex (6 uM) in 50 mM ammonium acetate. (a) Curves
1-5 represent the apo-E9 DNase at pH 7.4; 5.9; 5.3; 4.9 and 3.9, and (b) curves 1-5 represent E9 DNase
in the presence of a 6-fold molar excess of Zn?* at pH 7.4; 5.9; 5.3; 4.9 and 3.9, respectively.

Acid-induced metal ion release probed by circular dichroism spectroscopy - In addition, CD
spectroscopy was used to assess structural changes in E9 DNase on addition of acid in the
presence and absence of Zn®*". Far-UV CD spectra of apo- (Figure 9a) and holo-protein (Figure
9b) in 50 mM ammonium acetate at neutral pH were similar to those previously reported (75)
confirming that apparently only minor changes in the secondary structure occur upon metal
binding/release. Interestingly, upon acidification to pH 4 the negative ellipticity at 222 nm
remained largely unaffected independent of the presence or absence of Zn*". In contrast, a
conformational transition upon acid-induced metal release was observed in the ESI-MS as well
as in the fluorescence spectroscopic experiments.

The near-UV CD spectrum of holo-E9 DNase at neutral pH shows a broad prominent
positive band at 275 nm and a minor one at 295 nm (Figure 9c). Under identical solution
conditions, the near-UV CD spectrum of the apo-protein has a very similar appearance (Figure
9¢) stressing the fact that apo-E9 DNase has a defined tertiary structure even in the absence of
the metal ions. However, at pH 4 apo- and holo-E9 preparations are devoid of the near-UV CD

signal, thus, indicating loss of ordered structure (Figure 9c).

69



) (a) 21 (b)

Ag

N
Ag

N

200 220 240 260 200 220 240 260

0067
0.04 - (c)

0.02 1
w

<
0.00 3.4

-0.02 4

-0.04 T T 1
260 280 00 320

A (nm) 3

Figure 9. Far-UV (a, b) and near-UV (c) CD spectra of E9 DNase in 50 mM ammonium acetate. Curves
1-5in (a) and (b) represent pH 7.4; 5.9; 5.3; and 3.9 of the apo- and holo E9 DNase (8 uM), respectively.
Curves 1 and 2 in (c) denote the E9 DNase (50 uM) at pH 7.4 in the absence and presence of Zn?'.
Curves 3 and 4 represent the E9 DNase at pH 3.9 in the absence and presence of Zn?*.

Discussion

ESI-MS is sensitive to metal induced changes in the thermodynamic stability of E? DNase - In
this work, we evaluate the use of nano-ESI-MS to probe the conformational properties of the
metalloprotein colicin E9 DNase. In the ESI-MS process, multiple protonated protein ions
(charge states) are generated and transferred intact into the gas phase of the mass spectrometer
(47). It has been observed that ESI mass spectra of a protein analyzed from solutions causing
protein unfolding experience a greater extent of charging in the ESI process, when compared to
the same protein analyzed from solutions that favor the folded, "native" conformation (33, 42,
43). The metal binding stoichiometry is in ESI mass spectra reflected as corresponding mass
shifts. Thus, these intrinsic properties of ESI-MS allow simultaneous assessment of the
composition of the protein-ligand complex and the conformational heterogeneity. In contrast,
the optical techniques commonly used to monitor conformational changes, such as circular
dichroism (44), and fluorescence spectroscopy (45), measure the average properties of an

ensemble but do not allow a direct observation of distinct conformational states.
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The metal-free colicin E9 DNase domain showed bimodal charge state distributions in
which the charge states centered around the 18-fold protonated ion peak were attributed to
loosely packed, conformational states of metal-free E9 DNase and those centered around the 8-
fold protonated ion peak to more compact, folded states. No intermediate charge states were
observed. These results have been interpreted as showing that the apo-E9 DNase is significantly
destabilized in solution with the ESI mass spectra able to reflect to the conformational states
populated in solution, i.e. more loosely packed, unfolded conformational states, collectively
termed "U"-states, in equilibrium with more compact, folded "F"-states. The thermodynamic
stability of E9 DNase increases substantially upon metal ion binding (75), thus, shifting the
thermodynamic equilibrium to the compact states. This shift of the conformational equilibrium
is reflected in the ESI mass spectra by the absence of highly charged state ion peaks. Hence, ESI-
MS seems to be very responsive to changes of protein conformational stability.

However, the present work also provides evidence that ESI-MS overestimates somewhat
the contribution of the loosely packed conformational states to the conformational heterogeneity
in solution. For instance, the ion peak ratio Ap/(Ay+Ay) is close to 1/9 at neutral pH (Figure 3),
but the fluorescence spectrum under identical solution condition is clearly dominated by a strong
intrinsic fluorescence emission at 334 nm indicating that the two tryptophans in E9 DNase, W22
and W58, are in a non-polar environment (Figure 8). Likewise, apo-E9 DNase at neutral pH
showed a strong near UV CD signal (Figure 9) indicating also dominance of folded
conformational states with stable tertiary structure. To rationalize the pronounced bimodal
charge state distribution observed for apo-E9 DNase, we have to recall some intrinsic features of
ESI-MS. Firstly, the relative abundance of conformer-specific ions in ESI mass spectra cannot
simply be related to their fractional contribution in solution. Recent work by Cech and Enke (46,
47) on tripeptides demonstrates that the ionization efficiency depends critically on the
tripeptide's relative affinity for the droplet surface. Tripeptides with higher non-polar character,
and, thus higher affinity for the droplet surface, gave a higher ESI response than more
hydrophilic ones. It can be speculated that in highly destabilized conformational states the
increased exposure of hydrophobic patches enhances the affinity for the droplet surface, leading
to relatively increased ionization rates and ESI response. Dobo and Kaltashov also observed an
apparent higher ionization efficiency for structurally disordered protein conformational states
(48). Secondly, for highly charged ions the ion detection efficiency is somewhat increased. Both
aspects of ESI-MS contribute that, ions originating from disordered conformational states show

relatively increased signals in ESI-MS.

The intrinsic conformational heterogeneity of E9 DNase is not observed in ESI-MS
experiments- NMR experiments have revealed that the E9 DNase slowly interconverts between
two conformers. Two distinct regions exhibiting this conformational heterogeneity have been

identified, namely the sequence stretches encompassing the residues 20-25 and 65-72 (49).
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Hannan et al. reported that upon Zn®'-binding the conformational equilibrium remains
undisturbed and that Zn*'-binding does not result in significant conformational changes in E9
DNase (22). However, in our present MS experiments at pH 7, holo-E9 DNase yielded mass
spectra exhibiting a unimodal charge envelope with a charge maximum at 8+. Narrow charge
envelopes are generally considered as indication of compact gas phase structures originating
from compact conformational states. Hence, it has to be concluded that ESI-MS failed to report
on the conformational heterogeneity described for the Zn**-bound E9 DNase. In the X-ray
structure, the conformationally heterogeneous regions are in spatial proximity and located at or
near the protein surface. Thus, we may speculate that the conformational switch between the
two conformers has to be rather localized and apparently does not result in changes of the
accessibility of protonation sites. At present, a full understanding of the conformational
heterogeneity of E9 DNase is still lacking. Apparently, Trp 22 plays a central role in the
conformational dynamics (49). However, to further elucidate if a possible reorientation of the
Trp residue is involved in the multiple conformations observed in NMR we intend to apply time-

resolved tryptophan fluorescence in combination with time-resolved anisotropy.

Acid-induced metal ion release studies underscore the role of the metal ion as a
conformational clamp - ESI-mass spectra of colicin E9 DNase in the presence of Zn*" at pH
values ranging from 4 to 5.5 enabled the observation of distinctive charge state distributions for
the apo- and holo-protein at the same time, i.e. the bimodal charge state distribution attributed to
apo-E9 DNase and the narrow charge state distribution of the holo-E9 DNase are observed
simultaneously. The lack of intermediate charge state distributions upon acid-induced metal
release is interpreted as indication that partially folded conformational states are not significantly
sampled. There was also no indication that partly unfolded holo-species were present as
observed in the study of the N-lobe of transferrin upon acid-induced unfolding (50). In addition,
our Zn*'-titration experiments provide further evidence that metal ion binding is exclusively
associated with the folded state.

Interestingly, apo-E9 DNase at low pH had negative ellipticity at 222 nm while the near
UV-CD signal and the Trp fluorescence were lost. Thus, at least under acidic conditions, apo-E9
DNase seems to adopt features that are reminiscent of molten globule-like states, i.e. states that
lack a fixed tertiary structure but where secondary structure is retained (57, 52). In this regard, it
is intriguing to speculated that the local acidic pH at the membrane surface triggers metal ion
release and concomitantly renders the DNase in a molten globule-like state competent for
membrane translocation (53-55). Interestingly, Chak et al. have suggested that colicin E7 uptake
into cells is aided by the acidic pH at the membrane surface and involves an unfolded
intermediate (57). Furthermore, it is reported that insertion of the pore-forming domain of
colicin A in the cytoplasmic membrane is preceded by a native to molten globule transition at

acidic pH (56).
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Gas phase stability and, thus, ESI-MS detectability is governed by electrostatic interactions -
E9 DNase is a metalloprotein that binds a single transition metal ion within the H-N-H motif.
Isothermal titration calotimetry established that Zn®* is by far the tightest binding metal ion
compared to the other two tested transition metal ions, namely Co”" and Ni**. Zn*" possesses K
values in the low nanomolar range, whereas the K, values for Co*" and Ni’" are in the
micromolar range (75). Although the presented metal ion binding studies qualitatively indicate
the prevalence of E9 DNase for Zn®" they do not accurately reflect the solution-derived binding
parameters. We believe this deviation is a strong indication that the stabilization of gas phase
complexes by electrostatic interactions, may have a dramatic influence on the ion species
detected by ESI-MS. In the absence of an aqueous environment, van der Waals interactions
become less important while ionic and hydrogen bonding interactions are enhanced. As a
consequence the stability of metal ion-protein complexes derived from ESI-MS experiments do
not reflect necessarily their solution stability.

Noticeably, our gas phase dissociation experiments of the ternary E9 DNase-Zn-Im9
complex highlight the dominance of electrostatic interactions in influencing the gas phase
stability of noncovalent complexes. The protein-protein complex of E9 DNase and its cognate
immunity protein Im9 is considered as having one of lowest equilibrium dissociation constants
reported so far for a protein complex (IK; ~ 10" M in the absence of salt) (72). In fact, the
difference in binding affinity between Zn*" and Im9 for the E9 DNase is 7 orders of magnitude.
Nevertheless, in our gas phase dissociation experiments, dissociation of the protein constituents
occurs prior to the release of the metal ion. A detailed analysis of the protein-protein interface of
the E9 DNase-Im9 complex (76, 79) shows that 14 residues from the E9 DNase and 17 residues
from Im9 are directly involved in forming the interfacial contact. Key contributions in defining
stability and specificity of the complex are (a) a hydrophobic core, with in the center a stacking
interaction between Phe86 of the E9 DNase and Tyr54 of Im9, (b) a hydrogen bonding network
of 12 hydrogen bonds including two salt bridges, Arg54 and Lys97 from the E9 DNase and
Glu30 and Glu41 from Im9, respectively, and (c) five interfacial water molecules, two of which
are completely buried. The interfacial water molecules are involved in an extended network of
inter-protein hydrogen bonds mediating stability and specificity of the interface. The mass
spectra of the E9 DNase/Im9 complexes in presence and absence of Zn** showed no indication
of the presence of bound water molecules. Recent surveys of structural data on protein-protein
and protein-DNA interface indicate that water molecules play a crucial role in mediating polar
interactions that stabilize complexes (57). Thus, we may speculate that the diminishing complex
stabilization in the gas phase by van der Waals forces and water-mediated inter-protein hydrogen
bonding interactions may contribute, at least to some extent, for the apparent weakening of the
protein-protein interaction.

Another interesting feature is noticeable in ESI mass spectra of holo- and apo-E9 DNase

under solution conditions favouring the folded species. Under these conditions, we repeatedly
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observed that exclusively the charge states of the folded states showed a second minor charge
state envelope with a mass difference of 98 Da (marked with * in Figure 2, 4 and 0).
Interestingly, in the X-ray structures of the E9 DNase-Im9 complex in presence of Ni** a
phosphate ion is seen within the active site cleft (76) which is retained in the absence of a bound
metal ion (79). The phosphate is thought to represent the binding site for the product of DNA
hydrolysis (58). We may speculate that the low abundant ion species observed may represent
compact protein ions retaining a specifically bound phosphate ion in the gas phase. Non-specific
ion adduction is less likely because the ion peaks assigned to the "U"-states do not show

corresponding satellite peaks.

H/D exchange experiments highlight that metal ion binding and not Im9 binding induces the
conformational stabilization of the colicin E9 DNase - Hydrogen /deuterium exchange is a
sensitive method to probe protein structures and folding/unfolding mechanisms (59-62). In
proteins, side chain and backbone amide hydrogens are exchangeable whereby the latter ones
report on the protein structural properties. Before backbone amide hydrogen exchange in
proteins can take place, hydrogen bonds have to be broken and exposed to solvent. In general, in
H/D exchange experiments, mote open protein conformational states with a weak hydrogen
bonding network and/or increased solvent accessibility show more rapid exchange reaction than
do stable, compact conformational states (63). The utility of MS for extracting exchange levels
allows distinguishing of coexisting protein structural populations that experience different
exchange rates. Our H/D exchange data obtained for apo-E9 DNase enabled us to conclude
that (?) the interconversion between the population termed F and U has to be fast relative to the
exchange rate because for both charge envelopes identical exchange-in rates were observed and
(7)) the high deuterium incorporation indicated lack of persistent structure. In contrast, in Zn*'-
bound E9 DNase approximately 19 % of all labile hydrogen were found to be protected against
exchange indicating the presence of compact structural elements associated with hydrogen
bonding and reduced surface accessibility, consistent with the increased thermodynamic stability
of holo-E9 DNase.

Interestingly, upon Im9-binding apo-E9 DNase apparently still lacks or, at best,
possesses only to a minor extent persistent structural elements as indicated by the high
deuterium uptake. Recently reported NMR studies demonstrate that the slow conformational
dynamics of the E9 DNase seems to persist after binding to its cognate immunity protein Im9,
although a general decrease in the extent of the heterogeneity was observed (49). However, Zn**-
binding of Im9-bound E9 DNase apparently diminishes the conformational instability of E9
DNase, as evident from the reduced deuterium uptake (Table 2), and in line with the Zn*'-
induced increase of conformational stability. On the other side, one can argue that the H/D
exchange of the complex constituents can be rationalized by taking into account that transient

dissociation of the complex is a prerequisite for global exchange. In the absence of Zn™', the

bl
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dissociated E9 unfolds, resulting in high deuterium incorporation, while in the presence of Zn**

it reminds folded and less deuterium incorporation is observed. However, under the conditions

used the K of the E9 DNase/Im9 complex is in the femtomolar range, thus the dissociation

rate is very low. We therefore believe that the relatively elevated deuterium level for E9 DNase

observed in the absence of Zn®" rather relates to the intrinsic conformational mobility of apo-E9

DNase.
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Abstract

The family of conserved colicin DNases E2, E7, E8 and E9 are microbial toxins that kill bacteria
through random degradation of the chromosomal DNA. In the present work we compare side-
by-side the conformational stabilities of these four, highly homologous, colicin DNases. Our
results indicate that the apo-forms of these colicins are at room temperature and neutral pH in a
dynamic conformational equilibrium between at least two quite distinct conformers. We show
that the thermal stabilities of the apo-proteins differ by up to 20 °C. The observed differences
correlate with the observed conformational behavior, i.e., the tendency of the protein to form
either an open, less stable, or closed, more stable, conformation in solution, as deduced by both
tryptophan accessibility studies and electrospray ionization mass spectrometry. Given these
surprising structural differences, we next probed the catalytic activity of the four DNases and
also observed a significant variation in relative activities. However, no unequivocal link between
the activity of the protein and its thermal and structural stability could easily be made. The
observed differences in conformational and functional properties of the four colicin DNases are
surprising given that they are a closely related (=265% identity) family of enzymes containing a
highly conserved (BBo-Me) active site motif. The different behavior of the apo-enzymes must
therefore most likely depend on more subtle changes in aminoacid sequences, most likely in the
exosite region (residues 72-98) that is required for specific high affinity binding of the cognate

Immunity protein.
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Infroduction

Colicins are a group of toxins produced by Escherichia coli to kill other E. co/i strains and related
bacteria in order to gain a competitive advantage under nutrient stress conditions (7). Colicins
comprise a three domain organization with the role of two of the domains (the receptor binding
and translocation domains) being to bind the target cell and allow the third domain (the
cytotoxic domain) to translocate to its site of action, which can be ecither the periplasm, inner
membrane, or cytoplasm depending on the colicin (7). A sub-group comprises colicins E2-E9,
act within the cytoplasm and kill the target cell through a nuclease activity. They are further
subdivided into three sequence groups: 1) E2 like (comprising E2, E7, E8, and E9) within which
their cytotoxic domains show strong sequence homology (> 65%), having a Mg”*-dependent, T-
base-specific activity aimed at the chromosomal DNA, although with a weak, metal ion
independent, activity on RNA (2, 3); 2) E3 like (comprising E3, E4, and E6) cleaving the 16S
rRINA at the ribosomal A site (between nucleotides 1493 and 1494) (4); and 3) E5, which cleaves
a range of tRNA molecules (5).

The active DNase site of the E2, E7, E8, and E9 DNases comprises the last ~30

residues of the proteins (Figure 1A), and has a fold made up of two anti-parallel B-strands and
an o-helix (Figure 1B) and resembles a distorted zinc-finger. Consequently, the active site fold

has been called the BPa-Me finger (6). This motf is found within nucleases spanning all
biological kingdoms that otherwise have structurally diverse and unrelated protein scaffolds.
Examples includes apoptotic endonucleases (DNases), bacterial toxins and homing
endonucleases (6-8). Biochemical analysis of colicin DNase function has previously focused on
the E9 DNase (2, 3, 9, 710) and E7 DNase (77).

1 10 20 30 40 50 60
E9 MESKRNKPGKATGKGKPVGDKWLDDAGKDSGAPIPDRIADKLRDKEFKSEFDDEFRKAVWEEVSKD
E8 MESKRNKPGKATGKGKPVGDKWLDDAGKDSGAPIPDRIADKLRDKEFKNFDDEFRRKFWEEVSKD
E7 MESKRNKPGKATGKGKPVNNKWLNNAGKDLGSPVPDRIANKLRDKEFKSEDDEFRKKFWEEVSKD
E2 MESKRNKPGKATGKGKPVGDKWLDDAGKDSGAPIPDRIADKLRDKEFKNEDDEFRKKEWEEVSKD
Cons MESKRNKPGKATGKGKPV. .KWL..AGKD.G.P.PDRIA.KLRDKEFK.FDDFR. . .WEEVSKD

70 80 90 100 110 120 130
E9 PELSKNLNPSNKSSVSKGYSPETPKNQQVGGRKVYELHHDKPISQGGEVYDMDNIRVTTPKRHIDIHRGK
E8 PELSKQFNPGNKKRLSQGLAPRARNKDTVGGRRSFELHHDKPISQDGGVYDMDNLRITTPKRHIDIHRGQ
E7 PELSKQFSRNNNDRMKVGKAPKTRTQDVSGKRTSFELHHEKPISQONGGVYDMDNISVVTPKRHIDIHRGK
E2 PDLSKQFKGSNKTNIQKGKAPFARKKDQVGGRERFELHHDKPISQDGGVYDMNNIRVTTPKRHIDIHRGK
Cons P.LSK..... N...... G..P........ G.R...ELHH.KPISQ.G.VYDM.N. .. .TPKRHIDIHRG.

<+— Active Site——»
Figure 1 (A). Sequence alignments for the E colicin DNase domains E2, E7, E8 and E9.
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Chapter 4

Figure 1 (B). The crystal structure of the apo-
E9 DNase (72) showing the two buried
tryptophans (W22 and W58), and the active
site residues that are essential for the Mg?*-
dependent DNase activity (3).

The cytotoxic effect of colicins are prevented from killing their producing cell by the co-
expression of an antidote called an immunity protein, which, in the case of the nuclease colicins,
is a small (9-10 kDa) globular protein that binds with high affinity to the cytotoxic domain (73-
715). The competitive influence of the colicins is based on the specific tight binding of the
cognate immunity protein over the different non-cognate immunity proteins (75, 76). In order to
achieve this, a region of the DNase domain (residues 72-98; Figure 1A) has a variable sequence,
although the rest of the protein is highly conserved, allowing specific binding interactions to be
achieved.

Given that the E2 group is the most numerous E colicin nuclease group and is the best
characterized, both structurally, with crystal structures of E7 and E9 available (77, 78), and
functionally (2, 3, 9-717), we presently focused on this group. Specifically, we investigated
structural features of the four isolated related 15 kDa cytotoxic DNase domains by assessing
their thermal stabilities and conformational properties in solution by differential scanning
calorimetry, tryptophan accessibility studies and electrospray ionization mass spectrometry.
Taken the remarkable outcome, which revealed strikingly different thermal and conformational
stabilities of the four apo-DNases, we also compared their enzymatic activities and also observed
a significant variation. Therefore, the present studies supplements colicin structural and
functional biology since, in contrast to E7 and E9, comparatively little biophysical and
biochemical characterization has been carried out for E2 and ES8.

More generally, the present study reiterates that conformational dynamics, thermal
stabilities and functional activities of proteins are impossible to predict purely from primary
sequence information. In particular in this case, the four colicins have a high degree of sequence
conservation within the active site, with all the residues as being critical for catalysis being
absolutely conserved (3). The observed differences in stability and activity therefore most likely

originate from differences in the variable region, which is involved in cognate immunity protein
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recognition. A better understanding of the physicochemical characteristics of the cytotoxic
domain of these enzymes is important as the structural flexibility has earlier been proposed to be

of importance in the process translocation to its site of action (70).

Experimental procedures

Protein samples - Colicin DNase domains, E2, E7, E8 and E9 were expressed in Escherichia coli
and purified as previously described (3). Confirmation of each expressed DNase (E2, E7, E8 and
E9) by nano-electrospray ionization mass spectrometry (ESI-MS) under denaturing conditions
(50 (v/v) % acetonitrile/water containing 0.1% formic acid) yielded average masses of (15329.9
t+ 0.4) Da; (15374.7 £ 0.3) Da, (15322.6 £ 0.4) Da and (15088.2 £ 0.3) Da, respectively. These

masses are all within 1 Da of those calculated from the amino acid sequence.

Nano Electrospray lonization Mass Spectrometry - Time-of-flight electrospray ionization mass
spectra were recorded on a Micromass LC-T mass spectrometer (Manchester, U.K.) operating in
the positive ion mode. Prior to analysis a 600-3000 m/z scale was calibrated with CsI (2 mg/ml)
in isopropanol/water (1:1). Samples for charge state distribution analysis were introduced via a
nanoflow electrospray source. Nano-electrospray needles were prepared as described previously
(79). Unless stated otherwise all samples were dissolved in 50 mM aqueous ammonium acetate
solutions at pH 7.4. In all experiments an aliquot (1-3 ul) of protein sample at a concentration of
10 uM was introduced into the electrospray needles. The nanospray needle potential was typically
set to 1200 V and the cone voltage to 30 V. The mass spectrometer was operated without source
heating. During individual titration experiments all parameters of the mass spectrometer were

kept constant (79).

Steady-State Fluorescence Spectroscopy - Quenching of tryptophan fluorescence by
acrylamide in the range 0-0.33 M was performed by adding aliquots of acrylamide (1.4 M in 50
mM ammonium acetate) to a solution containing 6 pM DNase. For experiments on the holo-
proteins 46 uM of zinc acetate was added. To avoid interference by acrylamide absorption, the
excitation wavelength was set at 300 nm. The fluorescence intensity was monitored at 345 nm.
Measurements were performed with an L.S-50 Luminescence spectrophotometer (Perkin Elmer,
Norwalk, CT) at 20°C. In all studies, excitation and emission bandwidths were set at 5.0 and 7.0
nm, respectively. Spectra were corrected for dilution and background. The data were analyzed by
a modified form of the Stern-Volmer equation: F,/F = 1 + K, [Q] €'Y, where F, and F are the
fluorescence intensities in the absence and presence, respectively, of quencher (acrylamide) at
concentration [Q)], Ky is the Stern-Volmer constant for dynamic quenching, and V is a constant
representing static contributions to the quenching. In addition, Ky is equal to £,<t> where £,

is the apparent bimolecular rate constant for the collision of the quencher and the protein, and
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<1> is the average excited-state lifetime of the tryptophan residues in the absence of quencher.

We used the average lifetime <t> taken at 349 nm emission wavelength to calculate £, (20).

Time-Resolved Fluorescence Spectroscopy - Time-resolved fluorescence decay times were
measured in a home-built setup with mode-locked continuous wave laser excitation and time-
correlated photon counting detection. The pump laser was a CW diode-pumped, frequency-
doubled Nd:YVO,. The mode-locked laser was a titanium: sapphire laser coupled with a pulse
picker which decreased the repetition rate of the excitation pulses to 3.8 x 10° pulses per second.
The maximum pulse energy was a few pJ, the wavelength 295 nm and the pulse duration 3 ps.
The temperature was controlled and set on 20°C. Fused silica cuvettes of 10 mm light path were
used. The fluorescence emission was collected at 348.8 nm at an angle of 90° with respect to the
direction of the excitation light beam.

Experimental data consisted of repeating sequences of measurements of the polarized emission
(parallel and perpendicular component) fluorescence decays of the reference compound (three
cycles of 20 s), the protein sample (10 cycles of 20 s), the background (two cycles of 20 s), and
again the reference compound. In that way an eventual temporal shift can be traced and
corrected. All cuvettes were carefully cleaned and checked for background luminescence prior to
the measurements. For obtaining a dynamic instrumental response of the setup, the single
exponential fluorescence decay was measured of paraterphenyl in a mixture of cyclohexane and
CCl, in a 50/50 % volume ratio. See for further details as described by Visser et al. (27) Data

analysis was performed using a home-built computer program (22, 23).

Differential Scanning Calorimetry - Differential Scanning Calorimetry (DSC) was used to
measure transition temperatures (T,) of the DNases in the presence and absence of Zn**. T, is
defined as the temperature at which the excess heat capacity is maximal. Lyophilized proteins
were diluted in 50 mM ammonium acetate pH 7.4. Excess heat (C)) versus temperature scans were
obtained from 0.3 mg/ml (~20 uM) protein solutions using a high sensitivity differential
scanning calorimeter MicroCal VP-DSC (MicroCal, Inc., North Hampton, Massachusetts). The
sample and reference solutions were carefully degassed under vacuum for 15 min before loading
the cells (0.514 ml). Prior to each analysis the system was equilibrated for 20 min at 15 °C.
During measurements the temperature was increased from 15 °C to 80 °C at scan rates of 1
°C/min.

Kunitz assay - Calf thymus DNA (~50 ug DNA ml ™' to give a final A, of 1) was made up in
50 mM triethanolamine buffer pH 7.4 containing 10 mM MgCl, to assay the DNase activity. 10
ug of DNase was used per 1.0 ml for each assay. Prior to the analysis of the enzymatic reaction

the enzyme was preincubated at the temperature of interest. Reactions were initiated by addition
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of the enzyme and the AA, was observed over 600 seconds in a dual beam UV/Visible
Cintral0 spectrophotometer (GBC Scientific Equipment Pty Ltd, Australia) thermostatted at
different temperatures by using a Peltier-element. The reference cuvette contained identical

amounts of calf thymus DNA and metal ion as the sample cuvette. Data were downloaded and
processed with Microsoft Excel. Activities were calculated as AA,,min'pg’' protein and

converted to Kunitz units (KU) where 1 KU = 0.001 AA,,;min'ug" protein.

Plasmid nicking assay - Assays were performed in 50 mM triethanolamine buffer pH 7.4
containing ~1 pg of plasmid DNA (pUC18) and 20 mM MgCl,. Reactions were started by the
addition of E2, E7, E8 or E9 DNase and incubated for 10 min at different temperatures. The
reactions were stopped by adding 5ul stop mix (containing EDTA) before electrophoresis in a

1.2 % (w/v) agarose gel. Gels were stained with ethidium bromide.

Results

Conformational variability monitored by tryptophan fluorescence quenching - To investigate
and characterize structural features of the DNases in solution, we used two independent
techniques, tryptophan fluorescence quenching (this section) and (nano) electrospray ionization
mass spectrometry (ESI-MS) (following section) to address the conformation of the proteins.
Colicin DNases contain two strictly conserved tryptophans that are buried within the interior of
the protein. Consequently, as typical for tryptophans buried in the interior of folded proteins,
the fluorescence emission wavelength maxima for the four DNases are in the range 333-336 nm.
In such a case their accessibility to the non-charged collisional quencher acrylamide should be
dependent upon the global conformational state of the protein, being high for more open
conformational states but low for closed conformers. N-Acetyl-L-tryptophanamide (NATA) was
used as a reference compound that is fully and easily accessible to the quencher and is
characterized by a high Stern-Volmer quenching constant (K,). Results for the steady-state
acrylamide quenching of apo- and holo- E2, E7, E8 and E9 are summarized in Figure 2 and
Table 1, along with the NATA control.
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Figure 2. Stern-Volmer plots of the quenching of the fluorescence of NATA and DNAses E2, E7, E8
and E9 in the presence (holo) and absence (apo) of Zn?>" ions by acrylamide. The data were fitted by non-

linear regression of three sets of measurements using a modification of the Stern-Volmer equation:
Fo/F=1+K«[Q]eVIQ

Table 1. Acrylamide quenching parameters for E colicin DNases *

protein apo DNases holo DNases
Kg (M VM r Ksy (M) VM r
E2 279+0.15 0.74+£0.19  0.993 241+0.11 b 0.993
E7 737+048 0.62+024  0.989 2.45+0.09 b 0.993
ES 3.13+0.11 b 0.995 1.84 +0.08 b 0.994
E9 349+0.13 0.75+0.14  0.996 229+0.11 b 0.991

NATA 20.55+091 134+0.15 0.994

* Data were fitted according to F)/F =1 + K, ' [Q] *e"' ¥
> Static quenching component not observed

To further extend this analysis we determined £,, the bimolecular collisional rate constant, which
essentially represents the average number of collisional encounters between the tryptophans and

acrylamide and, thus, is a quantification of their accessibilities. In order to do this we determined
the average lifetime fluorescence <t > for each wild-type DNase in the absence of quencher

using time-resolved fluorescence since 4, equals K, /<t >. The recovered parameters for
intensity decay and the collisional quenching constants are shown in Table 2 with each apo-

DNase exhibiting a heterogeneous decay, described by a sum of three exponential terms

(P1P2P3/T1,T2,T3). The four apo-DNases show marked differences in their sensitivity to
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acrylamide quenching implying that their structures have different relative degrees of
compactness. Based on the present assay, apo-E7 has a significantly more open structure than
the other apo-DNases since the tryptophans are more accessible to the quencher (&, is 1.8-fold
greater than for E9 and ~3.5-fold for E2 and ES8). Summarizing, the combination of

fluorescence quenching and lifetime measurements suggest that the conformational compactness

of the four colicins is strikingly different and follow the order E7 < E9 < E2 =~ ES8.

Table 2. Fluorescence lifetime data analysis

pri}:;)in pppd tnum) <> @s) k(1M

E2 0.069  091+0.16 1.069 6.63+£0.09 0.42+0.17
0.160  3.52+0.46
0.771  7.78+0.06

E7 0.131  0.87+0.06 1.075 487+0.06 1.51+048
0309  3.60+0.18
0.560  6.50+0.05

E8 0.059  053+0.10 1.070 6.96+0.07 0.45+0.13
0.102  3.58+0.49
0.839  7.82+0.05

E9 0.159  0.78+0.05 1.060 421+0.03 0.83+0.13

0.397 2.91 +0.07
0.450 6.53 £0.03

2 Normalized P-values representing fractional contributions.

b The exited-state lifetimes, T; T, T3, were determined from single-photon timing
measurements (data not shown).

¢ Biomolecular rate constant for acrylamide quenching was calculated using <t> and Ksy (see

Table 1)

The ” values are "reduced chi-squares" indicating goodness of fit.

Upon Zn** binding, all the colicin DNases show a significant decrease in K, values, to a
more or less uniform value (Table 1), indicating that metal binding results in substantial
protection of the tryptophans. Thus, the fluorescence quenching measurements suggest that all
four holo-enzymes share a similar conformational compactness. We therefore measured only the

lifetime of the Zn**-containing E9 DNase, which revealed an average lifetime of 3.7 nsec (data

not shown) and a £, value of 0.62x10° M''s”". This latter value indicates a ~25% decrease in
tryptophan accessibility when compared to apo-E9 DNase. This change in accessibility for

colicin E9 correlates well with the increased thermal stability induced by metal ion binding (70).
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Conformational variability monitored by (nano) ESI-MS - In the previous section we related the
accessibilities of the buried tryptophans to the global structure of the proteins. However, since
local, in addition to global, structural features may affect the accessibility of the tryptophans, we
next used ESI-MS to address the global structural conformation of the DNases. This technique
provides some unique features for the investigation of conformational properties of proteins as
it has the ability to simultaneously provide information about the conformation of the protein
and ligand binding (24-26). Additionally, it has as advantage over techniques, such as circular
dichroism (CD) and steady state fluorimetry, that sub-populations of protein conformers can be
analyzed simultaneously instead of the ensemble of different sub-populations. The relevance to
the present study is that, under certain conditions, ESI-MS can reveal the dynamic features of
conformational stability. Importantly, despite being a gas-phase based technique, results from
ESI-MS experiments can, when carefully evaluated, be informative about solution phase
properties (27-29).

We have previously used ESI-MS to investigate the E9 DNase (79). In the present work
we compare these previous results with those obtained for the E2, E7, and E8 DNases (Figure
3). As before, samples are being electrosprayed from solutions under conditions that are known
to preserve “native” conformations (see also experimental procedures). In the ESI-MS process
proteins become ionized through multiple protonations (30, 37) with the resulting mass
spectrum typically displaying a single continuous (“Gaussian”) charge state envelope. However,
for all of the colicin DNases, a bimodal charge distribution is observed comprising a broad
distribution encompassing ion peaks from 10+ to 23+ (with a maximum located at 18+), and a
second narrow distribution of three ion peaks (7+, 8+, 9+) with a maximum located at 8+
(Figure 3). In each case both of the charge distributions produce a calculated mass for the
protein identical to the theoretical mass based on the amino acid sequence. However, the relative
abundance of each distribution is different for the four colicin DNases with the high charge
state distribution (around 18+) being dominant for the E7 DNase, the low charge state (around
8+) dominant for E8. The charge distributions observed for the DNases E2 and E9 are found
to be somewhat intermediate. Several control experiments were carried out to exclude the
possibility that the differences observed in the mass spectra were the result of unforeseen
experimental artefacts such as variations in spray conditions. The results of one of those control
experiments is given in Figure 4 where the mass spectrum of an equimolar mixture of the apo-
E7 and E8 DNases is shown. The spectrum resembles a combination of the two spectra
obtained for the isolated DNases (compare Figure 3), confirming the strikingly different
behavior of apo-E7 and apo-E8 in ESI-MS.
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Figure 3. Nano-electrospray ionization (ESI) mass spectra of the apo-DNases E2, E7, E§ and E9 (10
uM) sprayed from an aqueous 50 mM ammonium acetate solution at pH 7.4.
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Figure 4. Nano-electrospray ionization (ESI) mass spectra of an equimolar mixture (10pM each) of apo-
DNases E7 and E8 sprayed from an aqueous 50 mM ammonium acetate solution at pH 7.4. Ion peaks
representing DNases apo-E7 and E8 are highlighted by open (0) and filled circles (®), respectively.
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The extent of protonation of a protein during the ESI process is dependent upon the
number of basic sites at the surface of the proteins and thus also on the conformation/structure
of the protein (25). In general, proteins that exhibit unfolded, open, or flexible structures
become more protonated than proteins with compact, highly folded structures (79, 32, 33). The
observed 18 charges on a 15 kDa protein is a-typical and very high for a protein sprayed from
buffered neutral ammonium acetate solutions (34), which must indicate that the protein is in a
solution-phase conformation that is likely very open. In our original ESI-MS study on the E9
DNase (79) we assigned the low charge distribution (states 7+, 8+, and 9+) as originating from
compact, folded-like, conformational states (termed F). We assigned the high charge distribution
(11+ to 22+) as originating from a population of open, more unfolded, conformational states
(termed U). We showed by hydrogen-deuterium exchange mass spectrometry that these two
conformers are in rapid equilibrium (on the seconds time-scale) (79). A semi-quantitative
assessment of the relative contribution of the two distinct populations of conformers may be
given by the ratio of their summed peak areas (Ap/(Ay+Ay) (79, 35). Such an approach provide
values of 0.05, 0.29, 0.32, and 0.92 for the E7, E9, E2, and E8 DNases, respectively, indicating
that E7 is , on average, predominantly in its highly unfolded conformational state, whereas E8 is
in time on average more in its compact conformational state. Summarizing, the conformational
equilibrium observed follows, when ranked from mostly unfolded to more folded, the order
E7 <E9=E2 < ES.

Some care must be taken when relating the relative sizes of the two populations in the
mass spectra to the fractional contributions of the protein conformers in solution since
unfolded/open like states are usually detected more readily (79, 36-38). Nevertheless, the values
for the relative fractions of folded conformers correlate very well with the tryptophan
accessibility experiments of the apo-DNases. Both tryptophan fluorescence quenching and mass
spectrometric experiments indicate that the global structures show different relative levels of
compactness. The ESI-MS results imply that the E2 DNase is more unfolded compared to the
E8 DNase in contrast to the similarity in the degrees of solvent protection of the tryptophans
(Table 1). However, E8 experiences only one type of fluorescence quenching whereas E2
experiences two types (i.e. dynamic and static) suggesting that the E2 structure is more open
than E8, and thus follows the same order of our ESI-MS findings.

The E9 DNase, which has a nM affinity for Zn*", undergoes metal ion induced
conformational changes that are localized near the active site of the protein (72, 39, 40) and
result in increased stability (70). This is reflected in the ESI-MS spectra which show, besides the
observed mass increase of 63 Da (65 Da minus 2H") due to specific binding of one Zn** ion, a
change in the charge distributions in the holo-E9 DNase, so that only the low-charge
distribution was observed (79). In the present work, we sprayed the other colicin DNases in the

presence of a 5-fold excess of Zn®" and also observed only the low-charge distribution is
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detected (data not shown). These results are also in agreement with the tryptophan fluorescence
quenching results obtained for the holo-enzymes as described in the previous section. In
contrast, when experiments were repeated with the apo-DNases sprayed in the presence of a
large excess of Mg™', the natural co-factor, the ESI-MS spectra were identical to those of the
apo-DNases alone. Thus, Mg** does not significantly bind nor does stabilize the apo-DNases.
This absence of binding is in agreement with previous isothermal titration calorimetry
experiments where no Mg”" binding could be observed indicating that binding was very much

weaker than mM (70). Therefore, specific Mg** binding to E9 DNase 7z vivo is unlikely.

Thermal stability probed by Differential Scanning Calorimetry - Given the observed differences
in the conformational properties of the four colicin DNases we addressed their thermodynamic
stabilities and therefore investigated the thermal unfolding of the colicin DNases in both the
apo-(metal free) and holo-forms by differential scanning calorimetry (DSC). The results are

summarized in Table 3.

Table 3. Calorimetric data of colicin DNases
in the presence and absence of Zn?*

DNase apo holo
Tm (°C) Tm (°C)

E2 37.3 61.2
E7 26.3 59.9
E8 45.5 63.7
E9 36.6 63.0

The midpoint melting temperatures (T,) for the apo- (36.6 °C) and transition metal
bound-E9 DNase (63 °C) determined in the present work atre in good agreement with the values
of Pommer ¢ al. (10). In all cases the holo-DNases were found to be much more stable than the
apo-DNases, and to have similar T, values (60-64 °C). In contrast, the T, values vary quite
considerably between the apo-DNases, 26.3 °C for apo-E7 DNase to 45.5 °C for the apo-E8
DNase, with the T, of E2 DNase being similar to that of E9 DNase (37 °C). Hence, despite
their high sequence identities the apo-DNases have significantly different thermal stabilities,
which may be of biologically importance as they are observed to vary to both sides of the
biologically important mammal-body temperature of 37 °C. It is interesting to note that the
observed order of T values for the apo-DNases is E7 < E9 = E2 < ES8, very similar to the

extent of unfolding/folding observed in the electrospray mass spectra.
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Comparison of the enzymatic activities of the colicin DNases - .4 priori we supposed that these
four proteins have identical folding properties and thus similar enzymatic activities. Now that we
observed these striking differences we decided to probe the DNase activities also as a function
of temperature. We have previously used two different assays to monitor DNA cleavage each
using a different type of DNA substrate - the spectrophotometric Kunitz assay to monitor
double strand cleavage of linear calf thymus dsDNA, and a nicking assay using supercoiled
pUC18 to monitor single strand cleavage. In the present work we have used the assays (Figure
5) as a semi-quantitative comparison of the relative catalytic activities, an approach we have

previously used when comparing active site mutants of the E9 DNase (3).
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Figure 5. (A) Temperature dependent Kunitz activity assays in the presence of 20 mM Mg?* in 50 mM
triethanolamine buffer pH 7.4 (1 KU = 0.001 AAzsmin-ug! protein) (B) Plasmid nicking assays: Each

panel indicates the migration of supercoiled (S), open circular (O) and linear DNA (L) after 10 min
incubation. Control (C) is an identical reaction in the absence of Mg?* ions.

We carried out the assays on the four apo-colicin DNases in the presence of Mg**, the
physiologically relevant divalent metal ion for DNA cleavage (3). As Mg*" does not significantly
bind, these assays provide data on the activity of the non-metal bound DNases. The assays were
carried out over a range of temperatures from 20 to 70 °C. In the Kunitz assay the E2, E7, and
E9 DNases show similar levels of activity although the E2 and E9 DNases have a higher optimal
temperature (~50 °C) than the E7 DNase (~40 °C). In contrast, the E§ DNase shows both a
higher activity (up to 10-fold) at all temperatures tested, and a higher optimal temperature (~60
°C). The temperature dependences of the activities from the plasmid-nicking assay essentially
parallel these results. However, the DNases show different nicking profiles, with E8 DNase
showing activity over the whole temperature range and being most active at 60 °C, where it ran
out of supercoiled plasmid DNA substrate. DNases E2 and E9 have their optimum at 40 °C. At
this temperature both DNases produce mostly linear products, however, E9 DNase ran out of
supercoiled plasmid DNA substrate whereas the E2 DNase did not. This indicates that at 40 °C

the E9 DNase is more active compared to E2. Linear cleavage products were not observed for
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E7 at any assayed temperatures indicating a weaker activity. Summarizing, the catalytic properties
and activities of the four apo-colicin DNases differ strikingly, not only in catalytic rates, but also
in selectivity and temperature dependence. In contrast, no activity at any temperature was
observed for any of the DNases in the presence of Zn*" (data not shown). Although this metal
ion binds with a high affinity to the active site, this observed inactivity is in line with our

previous studies on the E9 DNase (70).

Discussion

In the present work we have probed the sequence-structure-function relationships within
a group of highly similar proteins — the colicin DNases. The advantage of analyzing a group of
proteins is that the conserved features of structure and function can be ascertained, as well as
differences. Despite a high degree of sequence identity (=65%) and structural homology, we find
that both the structural and functional properties of the proteins vary widely. The observed
thermal stabilities of the colicin apo-proteins vary in a manner consistent with their
conformational state as observed by fluorescence quenching and electrospray mass
spectrometry. These differences were unexpected although differences have also been seen
previously for mammalian apo-myoglobins while the holo-variants are structurally and
functionally similar (47).

Some members of the E colicin nuclease group have been quite well characterized by X-
ray crystallography with crystal structures of E7 and E9 available (77, 78). These structures are
highly similar and show no striking differences. Therefore, the observed differences in structural
and functional behavior described in the present work cannot be explained on the basis of these
X-ray structures. We believe this is caused by the fact that in solution there is a dynamic
conformational equilibrium, whereas in X-ray crystallography primarily only a static lowest
energy structure is probed.

Given the fact that the other parts of the sequences are highly similar, the differences in
behavior are most likely a result of the sequence variation within the exosite (residues 72-98) that
is required for specific high affinity binding of the cognate immunity protein. The greater
sequence variation in this area is a consequence of the evolution of highly specific binding of the
cognate immunity protein over other, structurally similar, non-cognate immunity proteins. The
hypothesis that this part of the sequence may be important in explaining the observed variation
is supported by findings in the co-crystal structure of the E9 DNase with single-stranded DNA,
which shows that residue Tyr83, which is non-conserved and a putative specificity determining
residue for binding immunity proteins (42), intercalates with the DNA (43). The precise
molecular origins of how the catalytic activities and thermal stabilities/conformational states are

produced, is beyond the scope of the present study, but are the focus of ongoing investigations.
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A remaining question is whether the observed differences in conformational stability and
activity of the apo-DNase domains of the four wild-type colicins are correlated and whether they
have biological implications. It has been shown that the ability to insert and pass through the
inner membrane (as judged by an 7 vitro lipid bilayer experiment) are similar for all colicins, both
in the apo- and holo-form (44) and thus likely independent of thermal and structural stability.
This argues against the proposal by Pommer ¢ a/. (70) that a structurally destabilized DNase
domain might be important for colicin DNase uptake into the target cell. Additionally, all colicin
DNases have temperature optima at or above 40 °C (Figure 5), which fits with the expected
temperature of their natural i vivo environment (37-40 °C). The conformationally most stable
colicin DNase E8 shows by far the highest 7z vitro activity in the present Kunitz assay (Figure 5).
However, the impact of this on the 7z vwo cytotoxicity is unknown and is subject for further
analysis.

In summary, we have demonstrated that there are marked differences in the
conformational properties and activities of the four apo-colicin DNases. These differences were
a priori unexpected given the 1) high sequence identity of the colicin DNases in the active site
region (Figure 1A) whereby all the residues identified as been being essential for activity (3) are
absolutely conserved and 2) the high similarities between the known X-ray crystal structures of
the DNase domains. Therefore, an important observation of this study is that the correlation
between (highly similar) sequence information on the one hand and dynamic structural features

and activity on the other hand is not self-evident.
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Abstract

Knowledge about the conformational dynamics of a protein is key to understanding its
biochemical and biophysical properties. In the present work we investigated the dynamic
properties of the enzymatic domain of DNase colicins, via time-resolved fluorescence and
anisotropy decay analysis in combination with steady state acrylamide quenching experiments.
The dynamic properties of the apo-enzyme were compared to those of the E9 DNase ligated to
the transition metal ion Zn*" and the natural inhibitor Im9. We further investigated the
contributions of each of the two tryptophans within the E9 DNase (Trp22 and Trp58), using
two single-tryptophan mutants (E9 W22F and E9 W58F). Wild-type E9 DNase, E9 W22F and
E9 W58F, as well as Im9 showed multiple lifetime decays. The time-resolved and steady-state
fluorescence results indicated that complexation of E9 DNase with Zn*" induces compaction of
the E9 DNase structure, accompanied by immobilization of Trp22 along with a reduced solvent
accessibility for both tryptophans. Im9 binding resulted in immobilization of Trp22 along with a
decrease in the longest lifetime component. In contrast, Trp58 experienced less restriction on
complexation of E9 DNase with Im9 and showed an increase in the longest lifetime component.
Furthermore, the results point out that the Im9 induced changes in the conformational dynamics
of B9 DNase are predominant and occur independently of the Zn*" induced conformational

effects.
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Infroduction

Colicins are a group of plasmid-encoded toxins produced by Escherichia coli under times of
nutrient stress and are used to kill related bacterial cells (7). Cell death is generally mediated by
one of two types of cytotoxic activity — proton-motive force depolarization by formation of a
pore within the inner-membrane or a nuclease activity acting within the cytoplasm (7). Members
of the E-colicin DNase sub-group (E2, E7, E8, and E9) kill the target cell by degrading the
chromosomal DNA using a Mg**-dependent and essentially non-specific DNase activity (2, 3).
The cytotoxic activity is housed within a 134 residue C-terminal domain, with a central domain
responsible for binding to the extracellular receptor for vitamin B12, BtuB, and an N-terminal
domain required for translocation across the outer membrane of a sensitive bacterial cell (4, 3).
An antidote protein, called an immunity protein, is co-expressed to protect the producing cell
from the cytotoxic effect of the colicin. These 9-10 kDa proteins bind the DNase domain at an

exosite adjacent to the active site (Figure 1).

Figure 1. Ribbon diagram of the E9 DNase domain showing the Im9 binding site (labeled black), and the
positions of the two tryptophans (W22 and W58) relative to the transition metal and the three
coordinating histidine residues plus the ligating phosphate ion.

Modeling studies indicated that inhibition relies on the polymeric nature of the DNA and
occurs through steric and electronic blocking of binding away from the cleavable bond (6). This
mode of inhibition is distinctly different from the conventional mode of nuclease inhibitor
binding e.g., barnase-barstar where the inhibitor directly ligates the active site residues (7).
Exosite binding by immunity proteins is instead a reflection of the requirement for the DNase to
be able to evolve novel immunity protein binding specificities to gain a competitive advantage,
with the exosite being the most sequence divergent region amongst the four colicin DNase

domains (8). The active site comprises the C-terminal ~30 residues and contains the consensus
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sequence for the H-N-H group of homing endonucleases and has a fold conserved with the

BBo-Me family of nucleases (9, 70) including the eukaryotic apoptotic DNase CAD (3, 77). The
structure of the active site resembles that of a zinc finger. Indeed transition metals, including
zing, have previously been shown to bind to all colicin DNases (7.2). Ligation of the tetrahedrally
coordinated metal ion (Figure 1) involves three histidine residues (His102, His127 and His131)
and a non-covalently bound phosphate ion (6, 73).

The immunity protein and metal ions, such as Zn*", bind with high affinity (fM and nM,
respectively) to the colicin DNases, particularly E9, and the binding properties have been
extensively studied using a range of biochemical and biophysical techniques (72, 74-106).
Moreover, ligand binding involves mechanisms that include conformational changes. Ligand-
induced conformational changes may be reported by the two tryptophans (W22 and W58; Figure
1), although they are distant from either ligand binding site (72, 75). Furthermore, high-field
NMR (77, 18), and (nano) ESI-MS (79) have shown that the native state of the E9 DNase is a
dynamic population of open and closed conformations. We recently showed this to be true for
E2, E7, and E8 colicin DNases as well (20). It has been suggested that many conformational
changes may be occurring independently of one another (72, 79, 27). For example, although
binding of the Zn”" ion and immunity protein both affect the fluorescence of E9 DNase, the
kinetics of immunity protein association (as well the observed fluorescence changes coupled to
binding) and dissociation are unaltered by the presence of transition metals in the active site (72).
This observation overturned a previous hypothesis by Pommer ez al. (76) that loss of the
transition metal is important for cellular uptake of E9 colicin. Specifically, the acceleration of
immunity protein dissociation by loss of the bound transition metal was proposed to explain the
large difference been the kinetics of immunity protein dissociation (~10° s') and colicin-
mediated cell killing (~107 s™) (76). These observations are congruent with the transition metal
induced conformational changes being localized to the active site (27, 22). Nevertheless, it
remained unclear how the tryptophan fluorescence was being affected, since both tryptophans
are located at a distance from the ligand binding sites (for example, in the X-ray structure the
tryptophans are 15 (W22) and 13 A (W58) from the transition metal binding site), without
involving long range, allosteric, conformational changes.

In order to gain a better understanding of the molecular origins and the complexity of
the conformational changes that occur within colicin DNases, we investigated the interaction of
the DNase protein with Zn*’, and its cognate immunity protein, using time-resolved
fluorescence spectroscopy and steady-state fluorescence quenching studies. The advantage over
other techniques is that processes taking place on the fluorescence time scale (i.e. nanoseconds)
can be probed, for example rotation of the entire protein or segments thereof, and interactions
with other molecules. We have previously determined the lifetimes and anisotropies of wild-type
DNases E2, E7, E8 and E9 without Zn*" and immunity protein (20) (and E.T.J.v.d.B and
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A.J.R.H, unpublished observations). In order to probe the effects of Zn*" and immunity protein
binding to colicin DNases, we concentrated on the E9 DNase since it is the best characterized
colicin DNase. A complicating factor in the analysis of time-resolved fluorescence data of colicin
DNases is that the two tryptophans (W22 and W58) are located at a distance <5A from each
other (in the E9 DNase X-ray structure), which is close enough for energy transfer to occur (72).
Therefore, single tryptophan mutants were constructed for E9 DNase, i.e., W58F (W22+) and
W22F (W58+), enabling us to study the local environment of the individual tryptophans in the

absence of any complicating energy transfer processes.

Experimental procedures

Protein samples - Tryptophan-to-alanine mutants were generated as previously described by
Keeble ¢f al. (12). Wild-type and single-tryptophan mutants of the E9-DNases, W22+ (which
contains the W58F mutation) and W58+ (which contains the W22F mutation) were purified as
described previously (23). Im9 was purified as described by Wallis er al (75). Protein
concentrations were determined by measuring the UV absorption at 280 nm. Molar absorption
coefficients of the E9 wild-type, E9 mutants and Im9 are 17,550 M'em”, 10,700 M'em™ (for
both mutants) and 11,400 M'cm”, respectively. For the metal loaded proteins, zinc acetate
(Merck, Darmstadt, Germany) was used without further purification. Samples contained 10 uM
E9 DNase in 50 mM ammonium acetate (pH 7.4) with and without equimolar concentrations of
zinc acetate and/or Im9. For measurements of the E9-Zn*"-Im9 complex, Zn*" and Im9 were
successively added. For studying the effect of phosphate on the fluorescence characteristics of
E9 DNase, 50 mM sodium phosphate buffer pH 7.4 was used. The samples were prepared at

least 24 h prior to analysis.

Picosecond polarized time-resolved fluorescence and anisotropy - Time-resolved
fluorescence and anisotropy decay times were measured in a home-built setup with mode-locked
continuous wave laser excitation and time-correlated photon counting detection. The pump laser
was a CW diode-pumped, frequency-doubled Nd:YVO,. The mode-locked laser was a
titanium:sapphire laser coupled with a pulse picker, which decreased the repetition rate of the
excitation pulses to 3.8 x 10° pulses per second. The maximum pulse energy was a few pJ, the
wavelength 295 nm and the pulse duration 3 ps. The temperature was controlled and set at 20°C.
Fused silica cuvettes of 10 mm light path were used. The fluorescence emission was collected at
348.8 nm at an angle of 90° with respect to the direction of the excitation light beam. Care was
taken to avoid artefacts from depolarization effects. At the front of the sample housing a Glan-
laser polarizer was mounted, optimizing the already vertical polarization of the input light beam.
Between sample and photomultiplier a single fast lens, an interference filter, a computer

controlled rotatable sheet type polarizer and a second single fast lens were placed focusing the
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fluorescence on the photomultiplier cathode. All polarizers were carefully aligned and the setup
was finally checked by measuring reference samples. Detection electronics were standard time-
correlated single photon counting modules. With a small portion of the mode-locked light a fast
PIN-photodiode was excited. The output pulses were fed to one channel of a quad constant
fraction discriminator and then used as a stop signal for a time-to-amplitude converter.
Subsequently, the output pulses were analyzed by an analogue-to-digital converter and were
collected in 4096 channels of a multichannel analyzer. The channel time spacing was 11.1 ps. A
microchannel plate photomultiplier was used for detection of the fluorescence photons. By
reducing the energy of the excitation pulses with neutral density filters, the rate of fluorescence
photons was decreased to 30,000 per second to prevent pile-up distortion (24). Other
instrumental sources of data distortion were minimized to below the noise level of normal
photon statistics (25).

Experimental data consisted of repeating sequences of measurements of the polarized
emission (parallel and perpendicular component) fluorescence decays of the reference
compound (three cycles of 20 s), the protein sample (10 cycles of 20 s), the background (two
cycles of 20 s), and again the reference compound. In that way an eventual temporal shift can be
traced and corrected. All cuvettes were carefully cleaned and checked for background
luminescence prior to the measurements. For obtaining a dynamic instrumental response of the
setup, the single exponential fluorescence decay was measured of paraterphenyl in a mixture of

cyclohexane and CCl, in a 50/50 % volume ratio.

Time-resolved fluorescence data analysis - The time-resolved fluorescence emission I(7) and
anisotropy 7(7) decays were globally analyzed using a home-built computer program, which
employs a reweighed iterative reconvolution method (26, 27). The parameters of the
fluorescence decay were obtained from iterative convolution of the measured decay of the
reference compound using a modified model function. The experimental data for the
fluorescence decay were analysed assuming that it is multiexponential and, thus, can be described
by,

()= a, " 1)

where the relative amplitudes, ¢, and the decay fluorescence lifetimes, T, are the numerical
parameters of the i~ component to be determined, and M is the number of fluorescent
components. The weighted average fluorescence lifetime <t> was calculated according to the

equation:

M M
<r>= Zairi 20@ @)
i=1 i=1
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The anisotropy decay can also be described by a sum of M discrete exponential terms:
M
r0)= " ©
i=1

where ¢, is the rotational correlation time of rotational component 7 and the pre-exponential

terms f3 is the contribution of the correlation time of the /" component to the total anisotropy
decay.

itting sessions were performe enerated starting values of the parameters. The

Fitting perf d by g ted starting val f the p ters. Th

goodness-of-fit was judged by the value of parameter reduced * and inspection of the residual

function graphs for each data set fitted. For all our tabulated data (Tables 1-5), reduced ° values
were close to unity, and the weighted residuals and autocorrelation function of the residuals were
uniformly distributed around zero, indicating an optimal fit. In all cases the simplest model was
chosen. Attempted fits of the experimental data to a model with less independent components

showed a substantial increase in 3’ value. On the other hand, an exponential fit using more

components did not lead to a significant improvement in y” value.

The angular displacement ¥ (degrees) of the fluorophore was calculated from:

L:%cosy/-(coswﬂ) “4)

B+ B
where £ and f, are the contributions of the correlation times (¢, and @,) to the total anisotropy

decay (28).

Steady-State Fluorescence - Steady state fluorescence experiments were performed on a
Fluorolog-3 spectrofluorometer (Jobin Yvon/Horiba, Longjumeau, France) using 1-cm quartz
cuvettes. The temperature was controlled and set at 20°C. Excitation and emission bandwidths
were set at 5 nm. For acrylamide quenching experiments, aliquots of acrylamide (1.4 M in
ammonium acetate) were added to the protein solution in a range from 0 to 0.33 M. To avoid
interference by acrylamide absorption, the excitation wavelength was set to 300 nm. The
fluorescence intensity was monitored at 345 nm and corrected for dilution and buffer
background.

Stern-Volmer quenching constants (Kg,) were obtained from the relationship (29):
FoF =1+ K [Q] =1+ £<1t>[Q] 5)

where F, and F are the fluorescence intensities in the absence and presence of quencher,

respectively, Q is the acrylamide concentration, and Ky, is the Stern-Volmer quenching constant.

In addition, Ky is equal to £<t>, where £, is the apparent bimolecular rate constant for
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collisional encounters and <t> is the average excited-state lifetime in the absence of quencher, as

determined by time-resolved fluorescence measurements (see above, equation (2)).

Results

Fluorescence decays of colicin E? DNase wild-type and Im9 - Typical fluorescence decay
curves, with associated fits, are shown in Figure 2 for Im9 and apo-E9 DNase with further
results summarized in Table 1. These results illustrate how different the environments of the
tryptophans are within these two proteins. The decay for the free E9 DNase could be described
as a sum of three single-exponential decays with an average lifetime of 4.2 ns. The addition of
Zn*" resulted in a decrease of the average lifetime to 3.7 ns. This indicates that at least one of the
two tryptophans was quenched. X-ray structures have revealed that the Zn®" ion is tetrahedrally
coordinated (6). The fourth ligand (in addition to the three histidines) is a single phosphate ion.
The phosphate ion binds specifically in the presence of Zn*" with a K, in the uM range (See
chapter 6) but is not essential to stabilize the Zn®" ion. Therefore, we were interested to measure
the E9 DNase lifetimes with and without Zn*" in the presence of phosphate ions. Table 1 shows
that in both cases the lifetimes in phosphate buffer (50 mM sodium phosphate, pH 7.4) are
identical to those measured in 50 mM ammonium acetate solutions at identical pH. This
demonstrates that the presence phosphate ions and, most probably, phosphate ion ligation did

not change the local environment of both tryptophans.
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Figure 2. Experimental and fitted fluorescence decay of apo-E9 DNase wild-type and immunity protein
Im9: (a) fluorescence decay, (b) residuals between measured and fitted data, and (c) autocorrelation of the

residuals. Fitting parameters are shown in Table 1.
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Table 1. Fluorescence decay parameters for the E9 DNase wild-type

Protein * a’ o, o3 Oy ti(ms) To(ns) t3(ns) T4(ns) <> (ns) p°
E9 0.135 0.403 0.463 0.45+0.02 2.75+0.04 6.50+0.02 4.17 1.14
E9-Zn** 0.134 0.438 0.428 0.40£0.02 2.59+0.03 5.89+0.01 3.71 1.16
E9-Im9 0.074 0.375 0.165 0.385 0.03+0.01 0.27+0.01 2.82+0.05 6.71+0.01 3.15 1.08
E9-Zn”>-Im9 0.414 0.057 0.224 0.305 0.28+0.01 1.52+0.46 3.90+£0.40 6.78+0.09 3.13 1.39
E9-PO,* 0.134 0.394 0473 0.43+0.02 2.75+0.03 6.35+£0.01 4.14 1.09
E9-Zn**-PO/* 0.122 0.441 0.436 0.48+0.03 2.61+0.03 5.88+0.01 3.78 1.18
Im9 0.604 0.355 0.033 0.086 0.11+£0.01 0.39+0.01 2.33+0.03 6.53+0.05 0.34 1.77

+ B9 and Im9 represent the wild-type E9 DNase and immunity protein Im9, respectively, in the absence
and presence of zinc (Zn?*) or phosphate (PO4>)

bay, 0y, 03, and 04 are the fractional preexponential factors corresponding to lifetimes T;,72,T3 and T,
respectively.

¢ Reduced % values indicate goodness of fit.

Prior to lifetime analysis of the E9-Im9 binary complex, lifetimes of the free Im9 protein
were determined, showing an ultra-short average lifetime of 0.34 ns. Im9 contains one
tryptophan (Trp74), which showed a lifetime decay with four components (see Table 1). The
lifetime analysis of the E9-Im9 complex resulted in the appearance of a fourth, ultra-short
lifetime component and a reduction of the average lifetime, as compared to the free E9 DNase.
Since the observed decay results are from contributions of three tryptophans, it seems
impossible to correlate these findings with conformational changes in E9 resulting from

interactions with Im9. However, by comparing the lifetime decays of E9-Im9 (<t> = 3.15 ns)

and in E9-Zn*"-Im9 (<t> = 3.13 ns), we conclude that Zn*" binding to the binary complex did

not alter the average lifetime.

Table 2. Anisotropy decay parameters for the E9 DNase wild-type

Protein * B,° B, # (ns) #, (ns) 7
E9 0.071  0.102 0.27+0.02 8.6+0.2 1.14
E9-Zn?* 0.058  0.106 0.26+£0.02 8.10.1 1.09
E9-Im9 0.088  0.092 0.42+0.02 14.0+0.3 1.12
E9-Zn**-Im9 0.111  0.102 0.28+0.01 13.4+0.3 1.34
E9-PO* 0.073  0.101 0.24£0.02 9.10+0.20 1.04
E9-Zn**-PO,* 0.066  0.107 0.25+0.16 9.06+0.02 1.09
Im9 0.219 2.69+0.03 3.51

«+ B9 and Im9 represent the wild-type E9 DNase and immunity protein Im9,
respectively, in the absence and presence of zinc (Zn?*) or phosphate (PO4)

bB; and B, are the amplitudes corresponding to the rotational cotrelation
times @ and ¢, respectively.

cReduced y” values indicate goodness of fit.
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Time-resolved fluorescence anisotropy of colicin E9 DNase wild-type - Time-resolved
fluorescence anisotropy measurements were done to gain insight into the conformational
dynamics of E9 DNase. Rotational correlation times were recovered from the obtained polarized

decays (Table 2). The anisotropy decay curve for free E9 DNase revealed two rotational
correlation times (¢@). The slow motion (¢ = 8.6 ns) reflects the tumbling of the entite protein

while the fast motion (¢ = 0.27 ns) reflects local mobility of the tryptophans and possibly
contributions from energy transfer. Upon Zn*" binding both motions were mostly unaffected.
The presence of phosphate ions had no significant influence on the correlation times (Table 2)
and was therefore not further investigated. Ligation of Im9 resulted in a significant increase of
the long rotational correlation time from ~8 ns to ~14 ns. Since the mass of the E9-Im9
complex is significantly larger than that of E9 by its self (24.6 kDa vs 15 kDa) this was expected.
The individual Im9 protein showed one rotational correlation time (2.7 ns), reflecting the global

motion of the Im9 molecule and indicating that the sole Trp74 is immobile.

Fluorescence decays of colicin E? DNase mutants W22+ and W58+ - The above experiments
on the BE9-Im9 and E9-Zn*-Im9 complexes are complicated by the presence of three
tryptophans with two less than 5 A apart. The use of mutant proteins containing less
tryptophans than wild-type (by mutation to phenylalanine) has previously been shown to be a
useful tool to perform fluorescence based conformational analysis of proteins (30-32). Two
single-tryptophan mutants (W22+ and W58+) were produced (72) to probe the effects of ligand
binding on the individual tryptophans of the E9 DNase. We have previously demonstrated that
electrospray ionization mass spectrometry (ESI-MS) is a sensitive method to measure the
conformational state of E9 DNase (79, 20). When such experiments were repeated on the two
single-tryptophan mutants, W22+ and W58+, they yielded results similar to that of the wild-type
E9 DNase, indicating that the mutations had a negligible effect on the structure and stability of
the proteins (data not shown).

The results of the fluorescence lifetime analysis of these mutants are summarized in
Table 3. The fluorescence decay of the W22+ mutant was adequately described by a sum of
three exponential terms (Table 3). The average lifetime of the E9 DNase W22+ mutant
decreased after addition of Zn*" (from 3.8 to 2.9 ns). This indicates an increase in collisional
quenching of Trp22 by neighboring amino acid residues upon Zn** binding. Ligating Im9 to the
W22+ mutant also resulted in a decrease in the average lifetime, as seen for the E9 DNase wild
type. A slight further quench was achieved for the E9-Zn*"-Im9 ternary complex. The free
W58+ mutant showed a multi-exponential fluorescence decay that could be best described as a
sum of four individual components (Table 3). In the absence of Zn®*" an ultra-short lifetime of

23 ps with a significant fractional contribution was observed. Upon Zn*" binding the ultra-short

component disappeared. Consequently, and also because of an increased contribution (o) of the
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longest individual lifetime (t,), the average lifetime was substantially prolonged from 3.6 to 6.5
ns. Remarkably, binding Im9 to apo-W58+ mutant did not result in a significant change in the

average lifetime. This is most likely due to the occurrence of changes that largely counteracted
one another — the second lifetime (t,) shortened whilst the fourth lifetime (t,) /lengthened,
furthermore, the corresponding fractional contributions (o, and o) increased at the expense of

o

Table 3. Fluorescence decay parameters for the E9 DNase mutants W22+ and W58+

Protein * a’ o, o3 Oy T, (ns) T(ns) 13 (ns) 14 (ns) <t>(ns) ¢
W22+ 0.156 0.493 0.351 0.96+0.05 3.434+0.12 5.49+0.08 3.77 1.10
W22+-Zn** 0.280 0.261 0.459 0.87+0.04 2.144+0.11 4.63+0.02 2.93 1.14
W22+-Im9 0.263 0.294 0.181 0.263 0.17+0.01 0.69+0.05 1.71+0.09 4.84+0.01 1.83 1.15
W22+-Zn*-Im9 0.269 0.365 0.196 0.170  0.142£0.01 0.71+0.03 1.83£0.06 4.71+0.02 1.45 1.20
W58+ 0.213 0.156 0.298 0.333 0.02+0.01 0.67+0.03 3.08+0.06 7.71+0.03 3.60 1.06
W58+-Zn2* 0.063 0.161 0.776 0.53+0.08 3.19+0.18 7.67+0.03 6.50 1.01
W58+-Im9 0.234 0.287 0.050 0.429 0.05+0.01 0.33+0.01 2.56+0.20 8.20+0.02 3.75 1.03

W58+-Zn**-Im9 0.245 0.286 0.052 0.418 0.03£0.01 0.3120.01 2.31+0.16 8.30+0.01  3.69 1.00

2 W22+ and W58+ represent the protein E9 DNase containing solely Trp22 or Trp58, respectively, in
the absence or presence of zinc (Zn?*). Im9 represent the immunity protein Im9.

by, 0, a3, and 0y are the fractional preexponential factors corresponding to lifetimes Ty,T2,T3 and T4,
respectively.

< Reduced * values indicate goodness of fit.

Comparison of the two binary complexes (DNase-Zn”>" and DNase-Im9) with the
ternary complex, both for W22+ and the W58+ mutant, demonstrates that the effects induced
by Im9 binding overwhelmed those caused by Zn’* binding (Table 3). Nevertheless, the data
shown in Table 3 suggest that the fluorescence decays of W22+-Im9 and W22+-Zn**-Im9 are
significantly different. This was confirmed by global analysis of both data sets: when the
individual lifetimes of W22+-Im9 and W22+-Zn*"-Im9 were forced to be the same, the overall
x’ increased to 10.5. When lifetimes were not linked, a %* of 1.17 was observed. Hence, binding
of Zn®" to the E9 DNase-Im9 complex does affect the local environment of Trp22, whereas

Trp58 is not measurably affected.

Anisotropy decay analysis of the W22+ and W58+ mutant E9 DNases - Both tryptophans have
two distinct rotational correlation times (see Table 4). For both mutants, the long rotational
cotrelation time (¢h), which reflects the motion of the entite molecule, was predominant.
Furthermore, the amplitude of the local motion of Trp58 was significantly larger than that of
Trp22 (B, > B,V**"), indicating that local motions of Trp22 are more restricted as compared

to Trp58. This is reflected by differences in angular displacements (see eqn 4 in the Experimental
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procedures) of the two tryptophans within the apo-proteins being 16 and 40 degrees for Trp22
and Trp58, respectively. The lower value for the short rotational time (@) for W58+ indicates
that, in addition to a larger angular freedom, Trp58 moves faster than Trp22.

Binding of Zn®’ to either W22+ or W58+ (Table 4) resulted in a reduction of the long
rotational correlation time (¢) in both the Im9 free and bound forms, consistent with the effects
on the wild-type protein (Table 2). Moreover, Zn*" binding as well as Im9 binding had a marked
effect on the local mobility (@) of both Trp22 and Trp58. Binding of either Zn*" or Im9 (or
both) to W22+ eliminated (¢,), indicating that Trp22 was immobilized within the protein. Whilst
binding either ligand did not eliminate the shorter correlation time in W58+ (Table 4), it did
reduce its contribution (,) substantially. Hence, whilst the rate of rotation had not decreased,
the angular displacement of Trp58 was reduced from 40° to 16° and 22° upon Zn*" and Im9
binding, respectively. As compared with the binary W58+-Im9 complex, the angular
displacement of Trp58 was the same for W58+-Zn*"-Im9. Moreover, the differences in the short
correlation time (@) are not significantly distinct (binary complex 0.8 = 0.2 ns »s ternary complex
0.6 = 0.1 ns). This was confirmed by global analysis of both data sets: when the individual
anisotropy decays of W58+-Im9 and W58+-Zn*"-Im9 were forced to be the same, the overall

remained small (1.13).

Table 4. Anisotropy decay parameters for the E9 DNase mutants W22+ and W58+

Protein * B," B, & (ns) & (ns) re y ¢
W22+ 0.011  0.183 1.39+0.72 11.6+03  1.11 16
W22+-Zn** 0.201 9.4+0.1 1.12 0
W22+-Im9 0.209 18.6£0.2  1.13 0
W22+-Zn**-Im9 0.203 18.3£0.3  1.22 0
W58+ 0.061  0.132  0.68+0.05 11.5+0.2  1.05 40
W58+-Zn? 0.013 0208 0.69+0.26 9.7+0.1 1.01 16
W58+-Im9 0.022  0.192 0.83+0.16 17.0£0.2  1.02 22
W58+-Zn*-Im9  0.024  0.192 0.64+0.12 16.6+0.2  1.03 22

2 W22+ and W58+ represent the protein E9 DNase containing solely Trp22 or Trp58,
respectively, in the absence or presence of zinc (Zn2?*). Im9 represent the immunity
protein Im9.

b By and [, are the amplitudes cotrresponding to the rotational correlation times ¢ and
@,, respectively.
<Reduced ¥ values indicate goodness of fit.

dy is the angular displacement in degtrees (°) of the fluorophore.

Steady-state fluorescence quenching studies of the E9 DNase mutants - The solvent
accessibility of the tryptophans in the E9 DNase variants was probed by acrylamide quenching

experiments. The resulting Stern-Volmer plots and constants are shown in Figure 3 and listed in
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Table 5, respectively. Upon Zn*" binding (Table 5), both the W22+ mutant and the W58+
mutant showed a clear decrease in collisional encounters between the fluorophore and
acrylamide. This indicates that both tryptophans experience solvent protection. However, the
protection provided by Zn®" was more pronounced for Trp58 than for Trp22. In contrast, Im9
affected the two protein differently — Im9 binding to W22+ did not significantly affect the rate
of collisional encounters, whereas it reduced it by ~7-fold for W58+ (see Table 5 and Figure 3).
This indicates that the solvent accessibility of Trp22 was largely unaffected by Im9 binding,
whereas for Trp58 it decreased dramatically. The presence of Zn’’ in the ternary E9-Zn*"-Im9
complexes had no substantial effect, in agreement with the dominant effect of Im9 binding

described above.
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Figure 3. Acrylamide quenching of the fluorescence of single-Trp mutants. Stern-Volmer plots were
obtained from the steady-state fluorescence quenching experiments of E9 DNase mutants W22+ and
W58+ shown in panel A en B, respectively. Lines representing the free E9 DNase are shown by (e); in
the presence of Zn?* (m); in the presence of immunity protein Im9 (4) and in the presence of Zn?+ and

Im9 (x). Before fitting two final data points (K) (indicative of a static component) were omitted.

Table 5. Summary of fluorescence quenching studies
with acrylamide.

Protein * Ksy M ° ky(nsec' M) * W22+ and W58+ represent the protein E9
DNase containing Trp22 and Trp58, respectively,

W22+ 3.28+0.26 ¢ 1.11 in the absence or presence of zinc (Zn*%). Im9

W22+-Zn*" 1.22+0.03 0.42 represent the immunity protein Im9.

W22+-Im9 2.26+0.03 1.23 b Ksv values were determined via Stern-Volmer

W22+-Zn**-Im9 2.01+0.02 1.38 analysis (See experimental procedutes eq. (5).

W58+ 8.63+0.07 240 ¢ Before fitting, the two final data points

W58+-Zn?" 1.80-£0.06 0.28 (indicative .of a static component) were omitted.

W58+-Im9 1.330.02 0.35 (See also Figure 34)

W58+-Zn""-Im9  1.33+0.02 0.36
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Discussion

In the present work we have used time-resolved fluorescence and anisotropy to analyze how
binding of two inhibitors of DNase activity affected the conformational dynamics of colicin E9
DNase on the nanosecond timescale. We focused on the E9 DNase, as it is the best
characterized of the four colicin DNases (E2, E7, E8 and E9). The two inhibitors were chosen
because they bind at different sites on the protein (the active site and an exosite, respectively)
and inhibit the enzyme by different mechanisms (chelation of catalytic residues, and steric

electronic exclusion, respectively).

Ligand-induced conformational changes: Zinc - Whilst the average fluorescence lifetime for
both W22+ and W58+ DNases is affected upon Zn®>" binding, the manner by which it occurs
differs markedly. The decrease in average lifetime for W22+ implies that upon Zn** binding the
indole side-chain of Trp22 (located in the short helix II, length ~9A) interacts to a greater extent
with neighboring groups within E9 DNase. This effect is accompanied by a decrease in its
solvent exposure (Figure 3A) and the disappearance of its rotational freedom (Table 4), all
pointing to an increased compactness of the E9 DNase in the Zn”" bound form, an effect that
we have previously observed by ESI-MS (79). This increased compactness of the E9 DNase also
affects Trp58 (located in helix IV, length ~21 A), resulting in a decreased solvent accessibility
(Figure 3B) and rotational freedom W drops (from 40° to 16°, Table 4). This increased
compactness is likely to be the origin of the increased average lifetime for Trp58 that occurs due

to the disappearance of the subnanosecond lifetime component t, (0.21 ns) and a decrease in the

contribution of 7, (~0.50 ns). Subnanosecond lifetimes are interpreted as the result of excited-
state quenching of tryptophan emission by the protein backbone (33). Apparently, in the Zn*'-
ligated compact state the E9 DNase adopts a conformation that prohibits interaction between
Trp58 and the protein backbone. The remaining lifetime components T (3.1 ns) and 1, (7.7 ns)
are typical decay times for the tryptophan’s indole moiety in environments of different polarity
and these were unaffected upon Zn*" binding.

Crystal structures of the E9 DNase in different metal ion occupancies demonstrate that,
in the crystal state Zn®>" binding to E9 DNase induces conformational changes that involve
rearrangements of hydrogen bonding patterns as well as movement of the C-terminal a-helix to
produce a closure of the active site and a more compact structure (22, 34, 35). Recently, we
showed by ESI-MS that compaction of colicin DNase on Zn®" binding also occurs in the
solution state (79, 20). The decrease in the long rotational correlation time (Table 4) confirms
these observations.

Although the two tryptophans of the E9 DNase are 13-15 A from the position of the

metal ion, Trp58 is at the base of the active site cleft and is significantly more solvent exposed, as
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indicated by the fluorescence emission maximum of 338 nm for W58+ compared to 333 nm for
W22+ (72). Accordingly, Zn®" binding closes the active site protecting Trp58, sitting at its base,
from acrylamide. Whereas both NMR and crystallography indicate that closure of the E9 DNase
structure is structurally localized to the active site (27, 22), our ESI-MS experiments (79, 20)
demonstrate that binding of Zn®" does have a greater impact on the global structure of the
protein in solution. These findings correlate with the present results where the environment of
Trp22 is affected in addition to that of Trp58. To account for this ‘globally transmitted” effect we
suggest that closure of the active site upon Zn”" binding occurs like a clasp closing with the pivot
point located near to Trp22. This would explain why relatively small structural changes close to
Trp22 have a disproportionally large effect on its mobility at the nanosecond timescale, which
are not detected by NMR (27). Moreover, such a clasp closure mechanism is in good agreement
with our ESI-MS experiments (79, 20).

Ligand induced conformational changes: Im9 - The ultra-short lifetime of Im9 alone is most
likely due to hydrogen bonding between Trp74 and His46, which covers most of the indole side-
chain. This interaction is likely the reason why Im9 is immobile on the (sub)nanosecond time
scale. No additional rotational correlation times appear on Im9 binding to E9 DNase. These
observations are consistent with previous structural data, which shows only very minor
conformational changes for Im9 on complexation with E9 DNase (36). Since both the single
tryptophan of Im9 and the tryptophans within E9 DNase have multiple lifetime components,
caution must be taken when analyzing the effects of Im9 binding on the lifetimes of Trp22 and
Trp58. Hence, based on fluorescence lifetime analysis firm conclusions are not easy to draw
about the effect of Im9 binding on the conformational dynamics of E9. Efforts were made to
construct a Trp-free Im9 protein, however, this resulted in a destabilization of the entire protein
likely caused by removal of the hydrogen bond between Trp74 and His46 (A.H.K. and C.K.
unpublished observations). Still, the amplitudes (o values) of the longer fluorescence lifetimes
for Trp22 and Trp58 in the free E9 DNase are much greater than that of free Im9, they should
dominate within the E9-Im9 complex if no structural changes would occur on complexation. Of
particular interest is the effect of Im9 binding on the longest lifetime component (t,) of Trp22
and Trp58, which shows a small decrease (from 5.5 to 4.8 ns, Table 3) or increase (from 7.7 to
8.2 ns), respectively. The decrease for Trp22 indicates an increase in the interaction with
neighboring groups within E9 DNase, which results in the loss of the short rotational correlation
time (@) and a decreased solvent accessibility. Furthermore, the obsetved dectrease in angular
displacement of Trp58 (Table 4) indicates restricted mobility on Im9 binding.

Analogous to Zn*" binding, complexation of E9 DNase with Im9 leads to structural
changes that are transmitted through the protein from the binding site for the immunity protein

to the tryptophans, which are both away from the binding site. One of the regions of the E9
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DNase affected by the mobility of Trp22 on the seconds timescale spans residues 67-72, with the
immunity protein binding site extending from residues 72-99 (6, 78). Boetzel et al. (36) proposed
that ligation of Asn72 of the E9 DNase to Im9 could explain the effects of Im9 binding on
Trp22. However, the fluorescence changes accompanying Im9 binding to the wild-type E9
DNase have also been observed for the E9 DNase N72A mutant (A.H.K and C.K., unpublished
observations). Instead, interactions of Im9 with the main-chain of the DNase within the
immunity protein binding site are the likely origin of the alteration in Trp22 as transmitted by the
67-72 region of the DNase. For Trp58, binding effects are possibly transmitted through Pro85
which is the neighboring residue of Phe86 that is critical for the interaction with Im9, with the
ring of Pro85 coming within Van der Waals distance (3.55-3.76 A) from the indole ring of Trp58
(6, 22). However, comparison of the crystal structures of the immunity protein bound form and
free DNase does not help since the positions of the side-chains within the DNase in both
structures are essentially identical (35). The present work demonstrates that the structural
changes induced by Im9 binding clearly affects both tryptophans, rather than only Trp22 as is
implied by the proposed immunity protein binding mechanisms (77, 78).

Im9 induced conformational changes occur independently of Zn2* induced conformational
effects - Although Zn®" binding affects the DNase tryptophan environment within the E9-Im9
binary complex (solely for Trp22), the extent of the effect is much less than for binding to the
free E9 DNase, indicating that Im9 induced conformational changes have primacy over those
induced by Zn®" binding. This observation agrees well with stopped-flow fluorescence
experiments of Keeble et al. (72), which demonstrated that kinetics of immunity protein binding
to E9 DNase are essentially identical with or without bound metal ion, indicating that the bound
metal ion does not affect the kinetics of Im9 binding. The present work also has important
consequences for the mechanism of cell entry by colicin E9 proposed by Pommer et al. (76).
They suggested that removal of the bound metal ion destabilizes the high affinity colicin DNase-
immunity protein complex (I, ~10™* M (75)), thereby accelerating the dissociation rate so that it
is not rate-limiting for toxin induced cell death. The present experiments discount this possibility
and therefore, some other factor must be involved in enhancing the dissociation rate of the E9-

Im9 complex at the cell surface.

Colicin DNases highlight distinct conformational equilibria - In the present work we have used
a combination of time-resolved anisotropy and time-resolved fluorescence decays to investigate
the conformational dynamics within colicin DNase domains. This represents the first analysis of
the conformational dynamics of colicin DNases on the nanosecond timescale. The
demonstration that both tryptophans are rotationally mobile relative to the protein is a feature
that is not observed by either crystallography or NMR and illustrates the usefulness of the

present techniques in fully understanding the conformational dynamics of the colicin DNases.
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Moreover, time-resolved fluorescence decay experiments demonstrated that the presence of
multiple fluorescence lifetimes in the wild-type E9 DNase is due to both Trp22 and Trp58.
Many proteins containing only a single tryptophan exhibit multiple fluorescence lifetimes (29).
This is due to the tryptophans experiencing different microenvironments within the protein and
is thus a response to the presence of conformational dynamics within the protein. We have
previously characterized two ‘forms’ of conformational dynamics that are present within colicin
DNases. The first one represents an equilibrium between an open and closed conformation, as
detected by ESI-MS, that is biased towards the open form for the E7 DNase and towards the
closed form for the E§ DNase, and intermediate for E2 and E9 DNase (19, 20). The second
form represents a type of conformational heterogeneity centered around Trp22, as detected by
high-field NMR experiments, and affects residues within a 9 A radius (17). However, the present
time-resolved fluorescence and anisotropy results are inconsistent with these equilibria being the
origin of the dynamics probed by tryptophan fluorescence measurements. Two examples
illustrate this point. Firstly, the fluorescence lifetime and rotational correlation times are rather
similar for the different wild-type colicin DNases (20) (E.T.J.v.d.B. and A.J.R.H., unpublished
results), despite the observed differences between the open-closed equilibria. Secondly, the
fluorescence decays are markedly affected upon Zn** binding, whereas NMR experiments
showed no changes in the dynamics of the tryptophans occurring upon Zn®* binding (21).
Kinetic investigations of ligand binding to the colicin DNases (12) have also provided evidence
for the independence of these processes from those that affect the tryptophans upon ligand
binding. Furthermore, we have previously demonstrated that the conformational equilibria
detected by ESI-MS are independent of those probed by NMR (19). However, a more
fundamental reason underpins why the conformational dynamics detected in the present study
are not a result of the dynamic processes monitored by NMR and ESI-MS that occur over much
longer timescales. Whereas the processes probed by the present time-resolved experiments occur
on the nanosecond timescale, the open-closed equilibrium detected by ESI-MS is likely to take
place over microseconds to seconds (typical timescales for folding/unfolding events), whilst the
NMR detects conformational heterogeneity occurring on the second timescale. Furthermore, the
relative commonality of multiple fluorescence decays in single tryptophan-containing proteins
itself argues that it is a fundamental dynamic property of the tryptophans rather than a side-
effect of another process. However, it remains possible that these other conformational
equilibria may influence the magnitudes of the fluorescence decay lifetimes if the
microenvironments of the tryptophans are different between the conformers with the observed
values being determined by the equilibrium contribution of each conformer.

In conclusion, using time-resolved tryptophan fluorescence and anisotropy, we have
shown how binding of two inhibitors of DNase activity, Zn*" and Im9, influence in a distinct

manner the conformational dynamics of the DNase colicin E9. One feature both inhibitors share
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is that these conformational differences are transmitted throughout the DNase protein from the

metal binding site or from the immunity protein exosite to both tryptophans, which in this

respect has not been detected with other techniques for colicin DNases so far. Moreover, the

results of this study indicate that Im9 induced conformational effects predominate over Zn*"

induced effects.
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Abstract

In nature the functioning of proteins often depends on subtle, multiple, specific non-covalent
interactions with other molecules, such as other proteins, metals, DNA/RNA, co-factors etc.
Therefore, means to monitor and validate such interactions are important. In this study we use
electrospray ionization mass spectrometry (ESI-MS) for the measurement of the ligation of a
single phosphate ion to the enzyme colicin E9. In contrast to what was expected from extensive
X-ray structural data this single phosphate ion ligation turned out to be specifically regulated by
preceding Zn®" ligation to the enzyme. Our ESI-MS data were validated by isothermal titration
calorimetry (ITC). As DNA is the natural substrate of the enzyme we hypothesize that the
findings reported here may have impact on the detailed functional mechanism of the enzyme and

the role of the metal ion co-factors therein.
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Infroduction

Colicin E9 is a member of a family of bacterial endonuclease colicins that are protein antibiotics
released by Escherichia coli into the extracellular medium during times of nutrient or
environmental stress. On entrance into target cells the 15-kDa C-terminal DNase domain is
translocated into the cytoplasm. In the target cell the lethal effect is accomplished by the
hydrolysis of chromosomal DNA. Four highly homologous DNase colicins that use this
mechanism have been identified E2, E7, E8 and E9. The intact ~60 kDa proteins consists of
three domains: a translocation domain, a receptor binding domain and the aforementioned
DNase domain. The DNase domain can be isolated as an active enzyme. A large number of
biochemical and structural studies have been carried out previously on these homologous DNase
colicins (7, 2). For instance, X-ray structures of the DNases E7 and E9 are available and
confirmed that the DNase proteins are able to coordinate a single transition metal ion within
their active site. Zn’" was observed in the reported E7 DNase structure (3), whilst Ni** was
observed ligated to E9 DNase (4). The affinity of E9 DNase metal complexes have been probed
by ITC and revealed that both Ni*" and Zn”" bind strongly, with dissociation constants of 0.7

puM and 1-4 nM, respectively (5). Additionally, a single phosphate molecule has been observed in
most of the reported X-ray structures, in close proximity to the active site of the DNase (see
Figure 1). These phosphate ions likely originate from the phosphate buffer solutions that are
used in the preparation of the samples. This single phosphate ion was observed in the same
location in X-ray structures of metal free E9 DNase (6), Ni*" ligated E9 DNase (6), Zn®" ligated
E9 DNase (1FS] PDB, unpublished), and Zn*" ligated E7 DNase (3) and seems thus to be
independent of the metal ion. As shown in Figure 1 the phosphate ion is bridged between the
Ni** ion and a histidine and arginine residue of the DNase active site. This phosphate ion

binding likely denotes the position either of the scissile bond or even the product 5’-phosphate.

Figure 1. X-ray structure of the E9 DNase active
site (4), whereby the location of the Ni?* and
phosphate ion and their interactions with the
enzyme are highlighted. Values indicate distances in
angstroms (A).
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Since its introduction electrospray ionization (7) has evolved into a method that may be
used to investigate non-covalent interactions (8). Recently, we have shown that specific immunity
protein binding and metal ion binding can be monitored by ESI-MS. More specifically, we
revealed that the conformation of E9 DNase in solution dramatically alters upon metal ion
binding (for both Ni*" and Zn*"). The metal free DNase domain is in solution in an equilibrium
between a highly flexible open conformer and a more rigid compact folded conformer, whereas
metal binding induces the protein to adopts solely its compact folded structure (9, 70). In these
ESI-MS experiments we did not use the commonly used phosphate containing buffers but the
for electrospray more amendable, volatile ammonium acetate buffers. Therefore, we were initially
unable to observe specific phosphate ion binding. In this work we set out to investigate whether

we could use ESI-MS to observe any specific phosphate ion binding.

Experimental procedures

Protein samples - Colicin E9 DNase was expressed in Escherichia coli and purified as previously
described (77, 72). Confirmation of the expressed proteins by nano electrospray ionization mass
spectrometry (ESI-MS) under denaturing conditions, ie. 50 (v/v) % acetonitrile/water
containing 0.1% formic acid, yielded average masses that agreed well within 0.5 Da error with the

calculated masses obtained from the primary amino acid sequence.

Electrospray ionization mass spectrometry - Time-of-flight electrospray ionization mass spectra
were recorded on a Micromass LC-T mass spectrometer (Manchester, U.K.) operating in the
positive ion mode. Prior to analysis a 600-3000 m/z scale was calibrated with CsI (2 mg/ml) in
isopropanol/water (1:1). Nano-electrospray needles were prepated as described previously (9). In
all experiments an aliquot (1-3 ul) of protein sample at a concentration of 10 uM was introduced
into the electrospray needles. All samples were dissolved in 50 mM aqueous ammonium acetate
solutions at pH 7.4. The nanospray needle potential was typically set to 1200 V and the cone
voltage to 30 V. During the individual ESI-MS experiments all parameters of the mass

spectrometer were kept constant (9)

Isothermal Titration Calorimetry - Isothermal titration calorimetry measurements were
performed wusing a MicroCal Omega high-sensitivity titration calorimeter (MicroCal,
Norhampton, MA). All solutions were thoroughly degassed before use by stirring under vacuum.
The sample cell was loaded with 40 uM E9 DNase in 50 mM triethanol amine at pH 7.4. Zinc
chloride and nickel chloride were used in a 5-fold, dependent on the experiment, to saturate the
E9 DNase with metal ions. Titrations were carried out using a 250 ul syringe filled with sodium
phosphate buffer (510 uM) of pH 7.4 at 25 °C. Injections were started after baseline stability was

achieved. A titration experiment consisted of 25 consecutive injections of 10 ul volume.
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Calorimetric data were analyzed using MicroCal ORIGIN software provided with the
instrument. Heats obtained from blanc titrations of ligand into buffer were subtracted from each
binding titration to obtain net binding heats which were normalized to molar amounts ligand

added per injection.

Results

In Figure 2 ESI mass spectra are shown for 10 uM colicin E9 DNase in aqueous 50 mM
ammonium acetate at pH 7.4, in the presence of low concentrations of metal and phosphate
ions. We observed primarily the charge states from 7+ to 9+. The spectra were recorded from
solutions containing less than stoichiometric amounts of metal and ammonium phosphate ions,
so that metal free E9 DNase was always detectable. From the charge states the molecular mass
of the metal free E9 DNase protein could be measured i.e. 15088.3 * 0.3 Da, which is in
excellent agreement with the calculated mass (15088.7 Da). The bottom mass spectrum (Figure
2a) shows ion signals of both the metal-free and Ni*"-ligated E9 DNase, which are differentiated
by a mass increase of approximately 56 Da (58 — 2H). Upon addition of ammonium phosphate
to the solution used in Figure 2a, the resulting spectrum in Figure 2b revealed clearly no
phosphate ion ligation (+98 Da) to either the metal free E9 DNase and the Ni*'-ligated E9
DNase. Performing similar experiments now with Zn”', instead of Ni’‘, provided a very
different picture, as shown in Figure 2c. The ESI spectrum of the solution containing a less than
stoichiometric amount of Zn’* resulted in a spectrum very similar as shown in Figure 2a, with
ion signals of both the metal-free and Zn*'-ligated E9 DNase, which could be differentiated by a
mass increase of approximately 63 Da (65 — 2H). Surprisingly, when a small amount of
ammonium phosphate was added the Zn*"-ligated E9 DNase ligated additionally a single
phosphate ion (as indicated by the mass increase of 63 + 98 Da), however, no ligation was
observed for the metal-free E9 DNase. It should be noted that these observations are monitored
from a single solution, in the same ESI spectrum, thus sprayed under identical conditions,
undoubtedly indicating that phosphate ion binding is Zn** dependent. Increasing the
concentrations for both Zn”* and ammonium phosphate resulted finally in a fully saturated 1:1:1
E9-Zn*"-PO,” ternary complex. In contrast, increasing concentrations further for both Ni*" and
ammonium phosphate merely resulted in a fully saturated 1:1 E9-Ni*" binary complex. The
formation of the ternary complex for the Zn’'-bound state was unexpected, since from the
reported X-ray structures it was suggested that phosphate binding is not Zn*" specific, and not

even metal ion dependent (3, 6).
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Figure 2. ESI-MS spectra of E9 DNase (10 uM) in the presence of (a) Ni**, (b) Ni** and PO4*, and (c)
Zn?+ and PO4*. Ligand concentrations are ~ 6 pM. Signals indicated by (0) represent the metal-free; (m)
Ni2*- ligated; () Zn?*- ligated and (0) Zn?*-PO4> ligated DNase.

Although a vast amount of data exist nowadays validating the use of ESI-MS for the
investigation of non-covalent interactions in solution, we further addressed this unexpected
phenomenon by a more direct solution-phase based complementary method. We therefore
performed isothermal titration calorimetry (ITC) expetiments to monitor the role of Zn*" in
phosphate binding. As in the ESI-MS experiments we first made sure no spurious phosphate
ions were present in the used solutions by thorough dialysis. We titrated aqueous sodium
phosphate solutions into aqueous 50 mM triethanolamine solutions containing respectively
metal-free E9 DNase, Ni*" saturated and Zn®" saturated E9 DNase (pH 7.4, 25 °C). The
resulting data are shown in Figure 3. These ITC results show that no phosphate ion ligation
could be observed in the solutions containing either metal-free E9 DNase and Ni** saturated E9
DNase. Performing identical titrations in the presence of Zn®*" resulted in a complete single
phosphate ion binding isotherm. The dissociation constant for phosphate ion binding to the
Zn”" saturated E9 DNase was 15 uM. The ITC measurements therefore confirm the ESI-MS
findings.
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Conclusion

Our combined findings indicate that metal ion binding and phosphate ion binding (and possibly
DNA substrate binding) are intriguingly regulated in the E9 colicin DNase system. This is even
more remarkable as the high-resolution X-ray structures available provide no clue for the
observed behavior as both the position of the metal ion as well as the interactions with the
amino acids in the catalytic site of the E9 DNase seem to be very similar. At present we are
pursuing our studies by investigating the effects of specific single amino acid mutants in the
catalytic site, which potentially are involved in metal ion binding and/or phosphate ion binding.
Additionally, we hope to further elucidate the functional role of the specific metals on the

biological activity of the DNase enzymes.
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Chapter /

Probing the H-N-H active site
in colicin E9 for metal
and phosphate-ligand binding



Abstract

Colicin E9 is a microbial toxin that kills bacteria through random degradation of chromosomal

DNA via a highly conserved (BBo-Me) active site motif. This motif of colicin DNases is
structurally homologous to the active sites of other endonucleases, including those of the
homing endonuclease I-Ppol, a His-Cys box enzyme, and the non-specific nuclease from Serratia.
Metal ions Zn*" and Ni*" are found in several E colicin DNase X-ray structures and bind and
stabilize colicin DNases significantly but display very distinct metal co-factor properties. Zn**
inhibits the DNase system while Ni*" enhances DNA hydrolysis. In the present work we have
used electrospray ionization mass spectrometry (ESI-MS) and isothermal titration calorimetry
(ITC) in combination with site-directed mutagenesis to probe metal and phosphate ion ligation
to the active site of colicin E9. Our results show that H131 is involved in metal ion ligation for
both metal ions Ni** and Zn®*. The similar role of H131 in E9-Ni*" and E9-Zn*" does not
explain the mode of Zn*" inhibition. H103 seems to selectively bind one 5-rAMP molecule in
the presence of Zn*" and not in the presence of Ni*". This may have consequences for the Zn**
inhibition mechanism and we speculate on the role of H103 therein. However, 5-dAMP binding
seems not to be specifically regulated by preceding Zn** ion ligation. This was unexpected and

more experiments are needed to elucidate further the role of Zn®" in the inhibition mechanism.
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Probing the H-N-H active site of E9 DNase

Infroduction

Colicins are a large and varied family of plasmid-encoded bacterial toxins that are produced to
respond to signals of stress by strains of Escherichia coli (7). This study is focused on colicin E9
that belongs to the family of the H-N-H homing endonucleases, which kill target cells by non-
specific degradation of the chromosomal DNA. The DNase domain being responsible for the
cytotoxic effect comprises 134 amino acid residues and binds a cognate immunity protein, which
is an 7z vivo inhibitor, thereby preventing suicide of the producing cell (2, 3). These 9-10 kDa
immunity proteins bind the DNase domain at an exosite adjacent to the active site with K;’s in
femtomolar range (4). Modeling studies have indicated that inhibition relies on the polymeric
nature of the DNA and occurs through steric and electronic blocking of binding away from the
cleavable bond (2). The active site comprises the C-terminal ~30 residues and contains the
consensus sequence for the H-N-H group of homing endonucleases and has a fold conserved
with the BBo-Me family of nucleases (5, 6) The structure of the active site resembles that of a

zinc finger and transition metals ions such as Zn’*, Co”* and Ni*" bind indeed to all colicin
DNases (7, 8) (Figure 1).

Figure 1. X-ray structure of the E9 DNase BPa active site motif. Key residues supposed to be involved
in metal ion and phosphate ion binding are highlighted (2, 9).

Ligation of the tetrahedrally coordinated Zn*" ion occurs via three histidine residues
(H102, H127 and H131) and a non-covalently bound phosphate ion (2, 70). The three histidines
are clearly well defined ligands in the Zn®'-ligated structures found in colicin E7 (70, 17),
however, X-ray structures showing Ni*" in the active-site of colicin E9 highlight that only H102
and H127 bind to the metal ion (2). The role of His131 is somewhat uncertain since NMR
studies revealed that Ni** is ligated via His131 (72) but is not essential for DNase activity (9).

The final coordination site for the Ni*" and Zn*" in the E9 DNase X-ray structure seemed to be
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a phosphate molecule ((73 ) and 1FS] PDB unpublished). The presence of phosphate in the
active site of E9 DNase may denote the position either of the scissile bond or, more likely the
product 5’ phosphate generated by the enzyme (74). In the previous chapter we demonstrated
that, in contrast to what was expected from the extensive X-ray structural data, this single
phosphate ion ligation is specifically regulated by preceding Zn®* ligation (75). The single
phosphate ion is in close proximity of Arg5 and His103. Arg5 is likely involved in stabilization of
the DNA backbone and His103 in coordination of a water molecule needed for nucleophilic
attack (H103) (74). The H-N-H motif mediates the function of DNA hydrolysis (9) but the role
of the Zn*" is still elusive (74, 76). Both ions Ni** and Zn*" stabilize the DNase significantly,
however, enzymatic activity is not observed in the presence of Zn>*, while Ni*" can be used as an
excellent co-factor (77). To date, transition metal ion binding and co-factor dependent nuclease
activity is reasonably well studied for colicin E9 (9, 74, 17). However, the intriguing question why
Zn®" is such a poor co-factor in contrast to Ni** is remains unresolved. (78).

In this work, we first characterize the role of the three histidines (H102, H127 and H131)
in transition metal ion binding by electrospray ionization mass spectrometry (ESI-MS). To
elucidate further the role in the phosphate ion binding, as shown previously in chapter 6, we here
studied metal ion depended nucleotide binding characteristics. We used single nucleotides 1i.e.
ribose- and deoxyribose adenine monophosphate (tAMP and dAMP, respectively) along with
site directed mutagenesis. Isothermal titration calorimetry (ITC) experiments were performed to
validate our ESI-MS findings.

Experimental procedures

Protein samples - Colicin E9 DNase site-directed mutants and wild-type were expressed in
Escherichia coli and purified as previously described (79, 20). Confirmation of the expressed
proteins by nano electrospray ionization mass spectrometry (ESI-MS) under denaturing
conditions, ie. 50 (v/v) % acetonitrile/water containing 0.1% formic acid, yielded average
masses that agreed well (within 0.5 Da) with the calculated masses obtained from the primary

amino acid sequence.

Electrospray ionization mass spectrometry - Time-of-flight electrospray ionization mass spectra
were recorded on a Micromass LC-T mass spectrometer (Manchester, U.K.) operating in the
positive ion mode. Prior to analysis a 600-3000 m/z scale was calibrated with CsI (2 mg/ml) in
isopropanol/water (1:1). Nano-electrospray needles were prepared as described previously (78).
In all experiments an aliquot (1-3 pl) of protein sample at a concentration of 10 pM was
introduced into the electrospray needles. All samples were dissolved in 50 mM aqueous

ammonium acetate solutions at pH 7.4. The nanospray needle potential was typically set to
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1200V and the cone voltage to 30 V. During the individual ESI-MS experiments all parameters

of the mass spectrometer were kept constant (78)

Isothermal Titration Calorimetry - Isothermal titration calorimetry measurements were
performed wusing a MicroCal Omega high-sensitivity titration calorimeter (MicroCal,
Norhampton, MA). All solutions were thoroughly degassed before use by stirring under vacuum.
The sample cell was loaded with 40 pM E9 DNase in 50 mM ammonium acetate at pH 7.4 or in
50 mM triethanol amine (TEA) buffer pH 7.4. Zinc acetate and Nickel acetate were used in a 5-
fold, dependent on the experiment, to saturate the E9 DNase with metal ions. Titrations were
carried out using a 250 ul syringe filled with ribose adenine monophosphate (5-rtAMP) in 50 mM
ammonium acetate (pH 7.4). Also ITC titrations were carried out using a 250 ul syringe filled
with 5-rAMP or 5-dAMP in 50 mM triethanol amine (TEA) (pH 7.4) with identical protein
concentrations. Injections were started after baseline stability was achieved. A titration
experiment consisted of 25 consecutive injections of 10 ul volume. Calorimetric data were
analyzed using MicroCal ORIGIN software provided with the instrument. Heats obtained from
blanc titrations of ligand into buffer were subtracted from each binding titration to obtain net

binding heats which were normalized to molar amounts ligand added per injection.

Resulis

H131 is involved in Ni’** ligation - The X-ray structure of E9 DNase has revealed that only
two clearly identifiable amino acid residues bind the Ni*" ion (His102 and His127) and a third
(His131) that is in a poor position to bind the metal ion. In contrast, solution NMR experiments
have revealed three histidine ligands for the Ni** ion in E9 DNase. In addition, the E7 DNase-
Zn®" crystal structure showed clearly an additional H131 ligation. Hence, Pommer et al.
postulated that these differences in coordination chemistry are the origin of the different
affinities of the metal ions for the E9 DNase. (27). The K’s for Zn”" and Ni*" are in the nM and
uM range, respectively (27).

In accordance, enzymatic assays and ANS fluorescence experiments on H102A and
H127A mutants have previously shown to eliminate completely enzymatic activity and metal ion
binding capability. Still, the E9 DNase H131A mutant exhibit 27% DNase activity in the Ni**
mediated catalysis and thus H131 has been stated not to be essential for metal ion ligation and
enzymatic activity (9). To date, the role of H131 is still somewhat controversial. Hence, ESI-MS
was used to observe the Ni** and Zn®" binding capabilities for each histidine-to-alanine mutant
(i.e. H1I02A, H127A and H131A).

We have previously used ESI-MS to investigate the conformational properties of E9
DNase and used it also to probe metal ion binding (see chapters 3, 4 and 6). We showed this

technique can be used to characterize non-covalent protein-metal interactions.
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Figure 2. Nano ESI mass spectra of colicin E9 DNase H131A mutant (10 pM). Protein ion signals are
indicated for metal-free (0), Zn?* ligated (®) and Ni** ligated (¢) E9 DNase. Spectrum (a) is recorded in
the absence of metal ions. Spectrum (b) is recorded in the presence of 50 uM ZnAcz. Spectrum (c) and
(d) are recorded in the presence of 50 and 100 pM NiAcy, respectively. Ion signals highlighted by (*) are
lacking the N-teminal peptide sequence MES (-365 Da).

For both Ni** and Zn®" bound E9 DNase wild-type a single narrow charge state
distribution is observed encompassing three ion peaks (7+, 8+, 9+) with a maximum located at
8+ (see also chapter 3 Figures 4 and 6). H131A shows similar Zn*" binding capabilities as seen
for the wild-type protein. Although Zn®" binding seems not significantly affected, the 8+ ion
signal is not completely saturated (~96%) indicating somewhat weaker binding (Figure 2b). Ni**
binding is more affected. H131A is capable to bind Ni** only to a small extent in the presence of
5-fold excess Ni*" (Figure 2c). Increasing the Ni** concentration further up to a 10-fold resulted
in no saturation of the enzyme (Figure 2d). The results show that H131 plays an important role

in Ni*" binding. The remaining DNase activity (27%) (9) could originate from the fact that Ni**
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binding is not completely abolished. H127A and H102A mutants showed no metal binding
capabilities for both Ni*" and Zn®" in our ESI-MS experiments (data not shown), which is in
good agreement with ANS fluorescence quenching experiments on Zn** binding (9). Our results
clearly show that both Ni*" and Zn®" use all three histidine residues. Thus, the E9-Zn*"
inhibition mechanism proposed by Pommer et al. that is due to an additional H131 ligation

selectively by Zn*" is unlikely (74).

rAMP binding is transition metal dependent - X-ray structures of E9 DNase (and E7 DNase)
show a fourth ligand bound to metal ion; a single phosphate ion located in the H-N-H motif (2,
77). A structural comparison between the H-N-H motif and active sites of other H-N-H family
members such as I-Ppol and Serratia nuclease, reveals via superposition that the single phosphate
ion is at the center were DNA hydrolysis occurs (5). Also, Walker et al. showed via site directed
mutagenesis that the H-N-H motif is the site were DNA hydrolysis is taking place (9). The
presence of phosphate in the active site of the E9 DNase in the X-ray structures likely denotes
the position either of the scissile bond or, more likely, the product 5” phosphate generated by the
enzyme. Single phosphate ion ligation turned out to be specifically regulated by preceding Zn**
ligation to the enzyme (see Chapter 6). As DNA is the natural substrate of the enzyme we
postulated that it may have impact on the detailed functional mechanism of the enzyme and the
role of metal ion co-factors therein.

To find the molecular origin of E9 DNase-Zn”" inhibition, we were interested to study
single phosphate ion binding in further detail. Pommer et al. have previously demonstrated that
in the absence of metal ions small oligonucleotides (<5 bases) bind poorly to E9 DNase,
whereas single-stranded DNA substrates > 10 bases are optimal for binding (74). In this work
single nucleotides were used to extend the single phosphate binding studies described in the
previous chapter into the direction of the natural substrate. Initially, ligation experiments for 5-
rAMP and 3-rAMP to E9 DNase were addressed. Although, 5-rAMP is more a model
compound representing RNA instead of DNA, we used it as also RNA cleavage has been
observed for E9 DNase, albeit solely in the presence of Ni** and not with Zn*" (74).

The recorded ESI spectra show no significant ligation of 5-rAMP to E9 DNase wild-
type (Figure 3a) in the absence of metal ions. This is in agreement with previous ANS
fluorescence experiments by Pommer et al.(74), who observed that small oligonucleotides < 5
bases do not bind in the absence of metal ions. E9 DNase saturated with Ni*" also showed no
considerable 5-rAMP binding (Figure 3b). For the Zn®" ligated protein, on the other hand,
significant 5>-rAMP ligation is observed (Figure 3c). ESI-spectra of E9 DNase wild-type at 6-fold
5-rAMP concentrations (60uM) show that Zn*"-bound E9 DNase is almost fully saturated with
5-rAMP by showing a mass increase of 347 Da. This remarkable difference in 5-rAMP binding,
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dependent of preceding Zn*" ion ligation, is in agreement with our previous studies on

phosphate ion binding as described in chapter 6.
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Figure 3. Nano ESI mass spectra of colicin E9 DNase wild-type (10 uM). Protein ion signals are
indicated for metal-free (0), Ni?* ligated (¢) and Zn?* ligated (®) E9 DNase. Spectrum (a) is recorded in
the absence of metal ions. Spectrum (b) is recorded in the presence of 50 pM NiAcz. Spectrum (c) is
recorded in the presence of 50 uM ZnAc,. Protein ion signals showing 5-tAMP ligation (+347 Da) are

marked by (x).

The phosphate ion found in the X-ray could denote the product 5’ phosphate generated
by the enzyme (74). Therefore, we were interested to perform identical ligation experiments in
the presence of 3>-rAMP. These experiments yielded spectra for the E9 DNase that are similar to
those obtained for 5-rAMP, however, interestingly, 3’~AMP binds slightly weaker (see Figure 4).

Ligand binding curves were obtained for E9 DNase wild-type (10 pM) recorded from
solutions containing different concentrations of 5-rAMP and 3-rAMP (from 0 to 60 uM).
Curves were deduced by plotting peak ratios of ligand bound versus the total ion peak area
(bound + unbound) of ion peaks 7+, 8+ and 9+. These binding curves are presented in figure 4.
These curves summarize our findings and show that the metal-free E9 DNase has overall poor

ligand binding properties comparable to those obtained for the Ni*" ligated protein. Thus, Ni*"
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does not enhance rAMP binding at all. Surprisingly, however, the presence of Zn®" in the H-N-
H active site of colicin E9 DNase shows a remarkable difference in rtAMP binding. Ligand
binding curves of E9-Zn*" show an estimated K in the ~20-30 uM range. This remarkable fact

may have consequences for the Zn’" inhibition mechanism.

Peak Area ratio

0 10 20 30 40 50 60
pM AMP

Figure 4. Metal ion dependent rAMP binding curves at increasing concentrations of rAMP to E9 DNase
wild-type (10 pM). Showing ESI-MS ion peak area ratios of E9 DNase-tAMP bound. (@)(5-rAMP) and
(0)(3-tAMP) in the absence of metal ions; (A)(5-AMP) and (A)(3-tAMP) in the presence of Ni2* (50
uM); (m)(5°-tAMP) and (0)(3-tAMP).in the presence of Zn2* (50 uM).

His103 is required for E9 DNase-In2* 5'-rAMP ligation - Two amino acids appear to be
absolutely conserved over all H-N-H enzymes and are in close proximity of the non-covalently
bound phosphate ion. These residues are identified, by structural superposition, as His103 and
Arg5 (see Figure 1). The latter contacts the bound phosphate in the E9 DNase X-ray structure
and is equivalent to Arg61l in I-Ppol (and Arg57 of Serratia) where its role is in stabilizing the
product 5-phosphate. His98 in I-Ppol serves as a general base to activate a water molecule,
which functions as a nucleophile to attack the scissile phosphate group (74). Hence, we decided
to study the effect of the mutants R5A and H103A on the rAMP binding propetties of the Zn*'-
bound enzyme.

ESI-MS analysis revealed that both H103A and R5A have similar metal ion affinities as
the wild-type (data not shown). ESI-MS data for the Zn*" ligated H103A mutant showed in the
presence of 8-fold 5-rAMP no significant ligand binding. Still, at 160 um 5-rAMP (16-fold
excess) only weak binding (possibly non-specific) was observed (Figure 5). Strikingly, the
spectrum obtained for E9 DNase R5A-Zn”" shows an increase of 347 Da indicating one 5-
rAMP molecule binds specifically to the protein (Figure 6). Thus, R5A mutation seems not to
affect 5-rAMP binding. From our ESI-MS experiments it seems that H103 play an important
role in stabilization of the phosphate group of rAMP that binds solely in the presence of Zn*'.
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As the findings by ESI-MS are quite intriguing we decided to validate our ESI-MS data by
isothermal titration calorimetry (ITC). First the binding of 5-rAMP was investigated.
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Figure 5. Nano ESI mass spectra of E9 DNase H103A (10 uM) in the presence of 50 uM ZnAc. Ion
peaks highlighted as (®) represent the Zn?* ligated protein. Spectra (a,b and c¢) were recorded in the
presence of 0, 80 and 160 uM 5-rAMP, respectively. Protein ion signals showing 5’-rAMP ligation (+347
Da) are marked (X).
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Figure 6. Nano ESI mass spectra of E9 DNase R5A (10 uM) in the presence of 50 uM ZnAcz. lon peaks
highlighted as (®) represent the Zn?* ligated protein. Spectra (a and b) were recorded in the presence of 0
and 80 uM 5-rAMP, respectively. Protein ion signals showing 5-rAMP ligation (+347 Da) are marked

(-
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A complete single binding isotherm for 5-rAMP was obtained in the presence of Zn*",
from which a dissociation constant could be derived of ~30 uM (Figure 7B). For the Ni** ligated
E9 DNase no 5-rAMP binding could be observed (Figure 7A). These findings correlate well
with our ESI-MS data. To further investigate the cooperative effect of Zn*" and AMP ligation,
ITC experiments were performed for 5-dAMP and 5-rAMP in TEA buffers. To our surprise
5’-dAMP, which is one building block of the natural DNA substrate, does not bind to E9-Zn™.
If at all 5~-dAMP binds much weaker than rAMP in identical buffer solutions (data not shown).
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Figure 7. Isothermal titration calorimetry data showing the binding of 5-tAMP to (A) E9-Ni?* and (B)
E9-Zn?*. Top panel shows the calorimetric response of 25 10-ul injection of 5-rAMP to 40uM EO9-
DNase wild-type in 50 mM ammonium acetate pH 7.4. Bottom panel shows integrated injection heats for
the above data fitted to a simple, non-cooperative binding model.

Discussion

We have shown in chapter 6 that phosphate ion binding (and possibly DNA substrate
binding) is intriguingly regulated in the E9 DNase system. That is phosphate binding selectively
occurs by preceding Zn** binding. In this chapter we further evaluated the metal (Ni** and Zn*")
and phosphate-ligand (rAMP and dAMP) binding properties to the colicin E9 DNase.
Therefore, we used ESI-MS and ITC in combination with site directed mutagenesis. The metal
and phosphate-ligand binding capabilities have been put into context of the E9 DNase Zn**
inhibition mechanism.

Hydrolysis of a phosphodiester bond requires three general entities in the active site: a

general base to activate a nucleophile; a Lewis acid to stabilize the phospho-pentacoordinate
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transition state; and a general acid to protonate the leaving group (22). As a result, some
endonucleases share no sequence homology or overall structural resemblance, but have a similar
active site. One example is the similarity observed in a small region between H-N-H homing
endonucleases I-Ppol, Serratia nuclease, phage T4 endonuclease VII and nuclease colicin DNases
E9 and E7. I-Ppol is a His-Cys box homing endonuclease that cleaves site specifically. Serratia
nuclease is similar to E9 DNase that is both cleave rather non-specifically single-stranded and
double stranded DNA and RNA (74). X-ray structures of I-Ppol and Serratia nuclease contain
detailed information about their DNA hydrolysis mechanisms. A detailed comparison of the X-
ray structures of I-Ppol and Serratia nuclease with that of E9 DNase let Pommer et al. postulate a
mechanism for DNA hydrolysis in E colicin endonucleases (74) making the assumption that the
activation of the hydrolytic water remains the role of H103. Subsequently, the Ni**-coordinated
water molecule fulfills the role as putative general acid, taking one of the four coordination sites
of the metal ion. Pommer et al. stated that this would explain why Zn®* does not support
catalysis in colicin DNases since the bound transition metal ion would need to have two free
metal coordination sites for catalysis to proceed, whereas only one is available in the E9-Zn*" X-
ray structure (74). In this work we have shown that H131 is involved in Ni*" ligation and
therefore Ni** does not have any longer two free coordination sites. This is only true, of course,
when the maximum available coordination sites for Ni** in E9 DNase is indeed four (additional
water molecules ligated to Ni**, are not present in the available X-ray structures). Hence, it seems
unlikely that E9 DNase is inactivated upon Zn** binding due to additional ligation of H131. The

residue that fulfills the role as general acid is without further (structural) information still unclear.
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Figure 8. Structures of 5-ribose AMP (A) and 5’-deoxyribose AMP (B).

From our data it is intriguing to speculate that due to H103-rAMP ligation, H103 cannot
any longer coordinate a water molecule needed as general base. As a consequence, the water
molecule cannot perform a nucleophilic attack at the phosphodiester bond to start hydrolysis.
This residue is of high importance since it is conserved over all H-N-H homing endonucleases.

However, our preliminary experiments on 5-dAMP show no binding to E9-Zn*" at all in striking
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contrast to 5-rAMP. Pommer et al. showed that the E9 DNase cleaves ssDNA, ssRNA and
dsDNA, thereby demonstrating a lack of specificity for the sugar moiety of the nucleic acid (74).
Our preliminary experiments suggest that 2>-OH of the ribose present in tAMP (lacking in
dAMP) (Figure 8) must be involved in binding. Therefore, we conclude that more experiments
are needed to further elucidate substrate and the role Zn”" in the inhibition mechanism. For that
reason, we intent to extend our ESI-MS, ITC and site directed mutagenesis experiments in

combination with different single- and oligonucleotides in the near future.
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Colicins are bacterial protein antibiotics that are released in times of nutrient or environmental
stress by Escherichia coli (1). The family of E-type colicins can be subdivided in two major groups,
a) pore-forming colicins such as E1 (2) and b) nuclease colicins with either RNase activity (E3,
E5 and E6) or DNase activity (E2, E7, E8, and E9) (3, 4). Colicins E2, E7, E8 and E9 are ~60
kDa endonucleases composed of three functional domains: the N-terminal translocation domain,
the receptor binding domain and the C-terminal cytotoxic domain (5). Although the cell killing
mechanism is still not completely understood, it apparently involves three steps. Initial binding
of the endonuclease colicin to the BtuB extracellular receptor for vitamin B,, is followed by
translocation of the C-terminal cytotoxic DNase domain into the periplasm through the Tol
system of proteins (see Chapter 1). As a result, cell death is caused by cleavage of the
chromosomal DNA (6). Colicin endonucleases are very efficient bacterial killers that engage in a
variety of molecular associations with target cells into which they transfer their C-terminal
cytotoxic DNase domain. These DNase domains are therefore remarkable multifunctional
proteins capable of binding co-factor metal ions, immunity proteins, DNA and even lipids (e.g.
(7)). To gain further understanding in the cytotoxic mechanism of the DNase domain,
investigation of molecular interactions and dynamics are important.

In this thesis I studied the C-terminal cytotoxic DNase domain of colicins E2,
E7, E8 and E9.

The work described in Chapter 3 shows that the cytotoxic domain of endonuclease
colicin E9 exist at neutral pH in a dynamic equilibrium between a compact ‘closed’ and a loosely
packed ‘open’ conformation. This is different to the heterogeneity observed in NMR (6, 9), i.e.
the MS-based findings highlight protein heterogeneity on a globally level whilst heterogeneity
observed by NMR is more localized. Binding of a transition metal ion (e.g. Zn>") induces the
protein to adopt an entirely closed conformation while, in this state the NMR observed
heterogeneity is unaffected (8, 9). These ESI-MS findings are also confirmed with
hydrogen/deuterium exchange experiments in which the closed conformation is shown to
exchange ~20% less hydrogens than the open state.

The conformational equilibrium of E9 DNase is shifted gradually further to the loosely
packed open state upon acidification, whereas the metal containing protein is stabilized till ~pH
5.5. Subsequently, at pH values < 5.5, the metal ion is released likely due to protonation of the
three Zn”" coordinating histidine residues, resulting into a completely destabilized E9 DNase.
These findings are confirmed with steady-state fluorescence. Moreover, far-UV circular
dichroism (CD) experiments show no significant changes upon acidification in secondary
structure elements while near-UV CD experiments have indicated that the tertiary structure is
lost upon acidification. Therefore, I have postulated that at least under acidic conditions the
metal-free E9 DNase seems to adopt features that are reminiscent of molten-globule like states,

that is, states that lack a fixed tertiary structure, but in which the secondary structure is retained.
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(710, 17). In this regard it is intriguing to speculate that the local acidic pH at the membrane
surface of the target cell triggers metal ion release, thereby, altering the DNase to adopt a
molten-globule like state that may be required to translocate the DNase over the membrane of
the target cell. (72-74).

The observed conformational equilibrium for E9 DNase was surprising. Therefore, 1
have extended this work to other colicin DNases i.e. E2, E7, and E8 as described in Chapter 4.
This work demonstrates that there are marked differences in the conformational properties of
the four apo-colicin DNases. These differences were a priori unexpected given the high sequence
identities (= 65%) and the known X-ray crystal structures of the DNase domains (75, 76).

The equilibrium found between a loosely packed open and a compact closed
conformation is present in all four colicin DNases. However, the E7 DNase is biased towards
the open form while E8 is more closed. E2 and E9 DNase behave intermediate. In summary, the

conformational equilibrium observed follows, when ranked from mostly unfolded to more

folded, the order E7 < E9 = E2 < ES.

However, care must be taken when relating the relative sizes of the two populations in
the mass spectra to the fractional contributions of the protein conformers in solution since
unfolded/open like states are usually detected more readily (77-20). To complement these MS-
based findings solution phase experiments are conducted to determine the intrinsic tryptophan

accessibility and the thermal stability. The results indicates that the two conserved (buried)
tryptophans are accessible (on average) in the following order E7>E9>E2 ~ ES8. For the thermal

stability a similar result is obtained, i.e. E7<E9 ~ E2 < ES8.

Since it was supposed that these four proteins have identical folding properties and thus
similar enzymatic activities, it was interesting to probe the DNase activities also as a function of
temperature. The DNase activity assays on the four metal-free colicin DNases are performed in
the presence of Mg®’, the physiologically relevant divalent metal ion for DNA cleavage (27). The
work described in Chapter 3 shows that Mgz+ does not significantly bind and/or stabilize the
apo-DNases. However, the catalytic properties and activities of the four apo-colicin DNases
show to differ strikingly, not only in catalytic rates, but also in selectivity and temperature
dependence.

The observed differences in structural and functional behavior described in the present
work cannot be explained on the basis of available X-ray structures. This may be caused by the
fact that in solution there is a dynamic conformational equilibrium, whereas in X-ray
crystallography primarily only a static lowest energy structure is probed.

Given the fact that the other parts of the sequences are highly similar, the differences in
behavior are most likely a result of the sequence variation within the exosite (residues 72-98) that
is required for specific high affinity binding of the cognate immunity protein. The greater

sequence variation in this area is a consequence of the evolution of highly specific binding of the
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cognate immunity protein over other, structurally similar, non-cognate immunity proteins. The
hypothesis that this part of the sequence may be important in explaining the observed variation
is supported by findings in the co-crystal structure of the E9 DNase with single-stranded DNA,
which shows that residue Tyr83, which is non-conserved and a putative specificity determining
residue for binding immunity proteins (22), intercalates with the DNA (23). The precise
molecular origins of how the catalytic activities and thermal stabilities/conformational states are
produced, are beyond the scope of the present study, but may have the focus of ongoing
investigations.

A remaining question is whether the observed differences in conformational stability and
activity of the apo-DNase domains of the four wild-type colicins have biological implications. It
has been shown that the ability to insert and pass through the inner membrane (as judged by an
n vitro lipid bilayer experiment) are similar for all colicins, both in the apo- and holo-form (7)
and, thus, likely independent of thermal and structural stability. This argues against the proposal
by Pommer e al. (24) that a structurally destabilized DNase domain might be important for
colicin DNase uptake into the target cell. Additionally, all colicin DNases have temperature
optima at or above 40 °C, which fits with the expected temperature of their natural 7 wvivo
environment (37-40 °C). The conformationally most stable colicin DNase E8 shows by far the
highest iz vitro activity in the present Kunitz assay. However, the impact of this on the 2 vivo
cytotoxicity is unknown and may be subject for further analysis.

In order to gain a better understanding of the molecular origins and the complexity of
the conformational changes that occur within colicin DNases, the interaction of the DNase
protein with Zn’*, and its cognate immunity protein, are investigated by using time-resolved
fluorescence spectroscopy and steady-state fluorescence quenching studies. This work is
described in Chapter 5 and represents the first analysis of the conformational dynamics within
colicin DNase domains on the nanosecond timescale. In order to probe the effects of Zn*" and
immunity protein binding to colicin DNases, we concentrate on the E9 DNase since it is the
best characterized colicin DNase. A complicating factor in the analysis of time-resolved
fluorescence data of colicin DNases is that the two tryptophans (W22 and W58) are located at a
distance <5A from each other (in the E9 DNase X-ray structure), which is close enough for
energy transfer to occur (25). Therefore, single tryptophan mutants are constructed for E9
DNase, i.e., W58F (W22+) and W22F (W58+), enabling us to study the local environment of the
individual tryptophans in the absence of any complicating energy transfer processes.

Wild-type E9 DNase, E9 W22F and E9 W58F, as well as Im9 showed multiple lifetime
decays. The time-resolved and steady-state fluorescence results indicate that complexation of E9
DNase with Zn®* induces compaction of the E9 DNase structure, accompanied by
immobilization of Trp22 along with a reduction in solvent accessibility for both tryptophans.

Im9 binding results in an immobilization of Trp22 along with a decrease in the longest lifetime
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component. In contrast, Trp58 experiences less restriction on complexation of E9 DNase with
Im9 and shows an increase in the longest lifetime component. The work described in this
chapter shows via time-resolved tryptophan fluorescence and anisotropy how binding of Zn**
and Im9, influences in a distinct manner the conformational dynamics of the DNase colicin E9.
One feature both share is that these conformational differences are transmitted throughout the
DNase protein from the metal binding site or from the immunity protein exosite to both
tryptophans, which in this respect has not been detected with other techniques for colicin
DNases so far. Moreover, the results of this study indicate that Im9 induced conformational
effects predominate over Zn”" induced effects.

The research described in Chapter 6 shift the focus from conformational dynamics to
non-covalent interactions. Although I have described these interactions in previous chapters,
these were discussed more in terms of induced conformational effects. The functioning of
proteins depends often on subtle, multiple, specific non-covalent interactions with other
molecules, such as other proteins, metals, DNA/RNA, co-factors etc. Therefore, means to
monitor and validate such interactions are important.

Several X-ray structures are available for the DNases E7 and E9. These structures
confirm that the DNase proteins are able to coordinate a single transition metal ion within their
active site. Zn”" was observed in the reported E7 DNase structure (75), whilst Ni** was observed
ligated to E9 DNase (76). Additionally, a single phosphate molecule has been observed in most
of the reported X-ray structures, in close proximity to the active site of the DNase. These
phosphate ions likely originate from the phosphate buffer solutions that are used in the
preparation of the samples. This single phosphate ion is observed in the same location in X-ray
structures of metal free E9 DNase (76), Ni’" ligated E9 DNase (76), Zn®" ligated E9 DNase
(1FS] PDB, unpublished), and Zn*" ligated E7 DNase (75) and seems thus to be independent of
the metal ion.

The work described in Chapter 6 shows the use of electrospray ionization mass
spectrometry (ESI-MS) for the measurement of the ligation of a single phosphate ion for the
enzyme colicin E9. To validate the ESI-MS based findings isothermal titration calorimetry
experiments (ITC) were complementary conducted. These combined findings indicate that metal
ion binding and phosphate ion binding (and possibly DNA substrate interactions) are
intriguingly regulated in the E9 colicin DNase system. This is remarkable as the high-resolution
X-ray structures available provided no clue for the observed behavior as both the position of the
metal ion as well as the interactions with the amino acids in the catalytic site of the E9 DNase
seem to be very similar.

In chapter 7 we further evaluate the metal (Ni*" and Zn*") and phosphate-ligand (rAMP
and dAMP) binding properties to the colicin E9 DNase. Therefore, we used ESI-MS and ITC in
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combination with site directed mutagenesis. The metal and phosphate-ligand binding capabilities
have been put into context of the E9 DNase Zn*" inhibition mechanism.

From our data it is intriguing to speculate that due to H103-rAMP ligation, H103 cannot
any longer coordinate a water molecule needed as general base. As a consequence, the water
molecule cannot perform a nucleophilic attack at the phosphodiester bond to start hydrolysis.
This residue is of high importance since it is conserved over all H-N-H homing endonucleases.
However, our preliminary experiments on 5-dAMP show no binding to E9-Zn*" at all, in
striking contrast to 5-rAMP. Pommer et al. showed that the E9 DNase cleaves ssDNA, ssRNA
and dsDNA, thereby demonstrating a lack of specificity for the sugar moiety of the nucleic acid
(26). Our preliminary experiments suggest that 2’-OH of the ribose present in rtAMP  (lacking in
dAMP) (Figure 8) must be involved in binding. Therefore, we conclude that more experiments
are needed to further elucidate substrate and the role Zn”" in the inhibition mechanism. For that
reason, we intent to extend our ESI-MS, ITC and site directed mutagenesis experiments in

combination with different single- and oligonucleotides in the near future.
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Nederlandse samenvatting

Voor allen die altijd met veel belangstelling (of geduld) luisterden naar de verhalen over mijn avonturen op het lab,

maar wie ik in veel gevallen een goede nitleg over wat ik daar uitvoerde schuldig bleef:

Elk levend organisme bestaat uit één (bijvoorbeeld een bacterie) of meerdere cellen (bijvoorbeeld
de mens). In elke cel spelen zich allemaal ingewikkelde processen zich af om de cel in leven te
houden en om de cel een specifiecke taak te geven. Bijvoorbeeld een zenuwecel, spiercel, of een
gistcel, ze doen totaal verschillende dingen. De processen die hierin plaatsvinden worden
uitgevoerd door eiwitten, deze zijn als het ware de werkpaarden van het leven. Elk eiwit heeft
zijn specificke functie en met zoveel verschillende type cellen is het niet moeilijk om je voor te
stellen dat er zeer veel verschillende eiwitten nodig zijn. Hoe kan je daarin dan zoveel diversiteit
krijgen? Eiwitten bestaan uit ketens van soms wel honderden aminozuren lang. Zoals woorden in
onze taal opgebouwd worden uit 26 letters, worden eiwitten opgebouwd uit 20 verschillende
aminozuren welke uiteindelijk de structuur en de eigenschappen van het eiwit bepalen. De
aminozuurvolgorde en -samenstelling zijn kenmerkend voor het betreffende eiwit. Je kunt je dus
voorstellen dat er op deze manier een enorme variatie aan eiwitten mogelijk is. Hoe ziet zo’n
structuur er dan uit? Kijk bijvoorbeeld in Hoofdstuk 4 naar Figuur 1B. Dit is een weergave van
een eiwit dat ik bestudeerd heb. Wat doet dit eiwit eigenlijk? Dit eiwit (colicin E9) wordt
aangemaakt door een bacterie (Escherichia coli) als het stress heeft bijvoorbeeld bij de
aanwezigheid van te weinig voedsel. Vervolgens wordt dit eiwit buiten de cel gebracht en dringt
het door een ingewikkeld proces (translocatie) bij een ander type maar wel soort gelijke bacterie
naar binnen. Uiteindelijk wordt het DNA van deze bacterie aan stukjes geknipt en kan bacterie
niet meer functioneren en komt te overlijden waardoor er meer kans op overleven bestaat voor
de colicin E9 producerende bacterie. Wat Figuur 1B van Hoofdstuk 4 laat zien is alleen dat deel
van het eiwit wat naar binnen dringt en verantwoordelijk is voor het bacteriedodende effect (het
DNase- domein). De afgelopen vier jaar heb ik alleen aan dit deel van het colicin E9 eiwit
onderzoek gedaan. Verder laat het figuur maar één structuur (kristalstructuur) zien alsof het in
een bevroren toestand is. In werkelijkheid zwemmen ze in een oplossing (bijv. in waterige
vloeistof binnen in de cel) en is hun structuur flexibel. Bijvoorbeeld ze vouwen zich op en
ontvouwen zich weer, telkens weer opnieuw en kunnen dus tijdelijk verschillende vormen
aannemen. Deze vormen zijn dan in, wat we noemen, dynamisch evenwicht. Voor een eiwit kan
dit heel belangrijk zijn om zijn functie goed te kunnen uitvoeren. Verder werken eiwitten zelden
alleen en werken ze samen met bijvoorbeeld andere eiwitten, metaaldeeltjes (bijv. koper, zink,
mangaan) of andere verbindingen (bijv. vitaminen, kleine hormonen of zelfs DNA). Colicin E9
werkt ook niet alleen. Zoals je ziet in Figuur 1 van Hoofdstuk 3 “plakt” er nog een ander eiwit
aan het B9 DNase-domein vast. Dit eiwit noemen we het immuniteitseiwit (Im9). Dit “plakken”

noemen we een niet-covalente interactie. Het Im9 eiwit is belangrijk, omdat het indirect de plek
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blokkeert van het E9 DNase-domein waar het DNA knippen plaats vindt. Als het Im9 eiwit er
niet zou zijn, dan zou het E9 eiwit al te vroeg van start gaan en het DNA van zijn eigen cel in
stukjes knippen en wordt het zelfmoord, hetgeen nooit de bedoeling kan zijn. Zoals je ziet in
hetzelfde figuur plakt er ook nog wat anders aan het E9 eiwit. Dit is een metaalion (deeltje) dat
als extra handje kan fungeren. Metaaldeeltjes kunnen verschillende functies hebben bijv. het op
zijn plek houden van een watermolecuul dat nodig is om een enzymatische reactie te kunnen
starten. Maar deze handjes kunnen ook een eiwit stabiliseren door bijvoorbeeld het
instandhouden van de gevouwen vorm.

Door meer inzicht te krijgen in het dynamisch gedrag van een eiwit en in de
samenwerking met bijv. andere eiwitten en metaalionen, kunnen we vaak beter begrijpen hoe
deze ingewikkelde machine te werk gaat. Zoals ik al eerder schreef, zijn colicins antibacteriéle
eiwitten. Ik zie je al denken: waarom is dit belangrijk voor ons en geef ik daar al mijn
belastingcenten aan uit? Dit is een veel gestelde vraag. Vandaag de dag worden vele type
bacterién resistent voor de antibiotica die we van de huisarts kennen. Het ontwikkelen van
resistentie gaat in een erg snel tempo en over een aantal decennia kunnen we de huidige
antibiotica nog maar moeilijk gebruiken. Daarom is het belangrijk om nu meer inzicht te krijgen
in de werking van andere antibacteriéle systemen, zodat men misschien tegen die tijd een
alternatief op de plank heeft liggen om bacteriéle infecties tegen te gaan.

Eiwitten kunnen bestudeerd worden met verschillende (biofysische) technicken, die
allemaal hun voor- en nadelen hebben. Ik heb voor een nieuwe techniek gekozen om eiwitten te
bestuderen, namelijk electrospray ionisatie massaspectrometrie (ESI-MS). Deze techniek wordt
voornamelijk gebruikt om de moleculaire massa van eiwitten en peptiden (stukjes eiwit) heel
nauwkeurig te bepalen. Het belang van deze techniek voor het onderzoek werd in 2002
onderstreept met het uitreiken van de Nobelprijs voor scheikunde aan de uitvinder van
electrospray massaspectrometrie. Deze techniek wordt dan ook in heel veel laboratoria toegepast
als algemene analytische techniek. Het gebruiken van deze technieck om eiwitconformaties (of
eiwitvouwing) te bestuderen is nog zeker geen standaard methode die in elk lab gebruikt wordt.
Nu vraag je je natuurlijk af hoe we met een apparaat dat massa’s meet ook eiwit conformaties
kunnen bestuderen. Hiervoor moet ik eerst wat uitleggen over de massaspectrometer (zie
hoofdstuk 2, Figuur 1). Hier zie je dat eerst de eiwit oplossing wordt verstoven onder elektrische
spanning (1200 V) tot kleine geladen druppeltjes (bijv. positief geladen). Vervolgens verdampen
de vluchtige stoffen en houden we niet-vluchtige positief geladen deeltjes (bijv. eiwitten) over die
vervolgens de massaspectrometer ingaan. In het apparaat leggen deze deeltjes allemaal een vaste
afstand af en elk type deeltje neemt zijn eigen tijd ervoor om naar de detector toe te vliegen. De
vliegtijd van het molecuul hangt van twee dingen af. Dat zijn de massa en de lading van het eiwit.
Het resultaat dat we meten is het quotiént van massa en lading (massa/lading). De hoeveelheid

lading die we mee kunnen geven aan een eiwit tijdens het vernevelingsproces is athankelijk van
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de hoeveelheid plekken waarop zo’n positieve lading kan zitten en de toegankelijkheid van die
plekken. Als een eiwit gevouwen en compact is wordt het binnenste van het eiwit afgeschermd
van de vloeistof dat zich om het eiwit bevindt en kunnen de aminozuren die graag een positieve
lading willen die niet krijgen. Als het eiwit ontvouwen is zijn diezelfde aminozuren beter
toegankelijk en kan er aan het eiwit meer lading meegegeven worden tijdens het
vernevelingsproces. Dus een oplossing van eiwit moleculen bij lage pH (meer ontvouwen) geeft
een ander massaspectrum (piekenpatroon) dan een oplossing van hetzelfde eiwit bij neutrale pH,
als gevolg van het verschil in lading (bij gelijke massa). Bijvoorbeeld voor het colicin E§ DNase-
domein bij pH 4 krijgen de meeste van deze een 18+ lading, terwijl bij neutrale pH de meeste
van deze eiwit moleculen een lading van 8+ krijgen (zie Figuur 1). De hoeveelheid ladingen die

een eiwit kan krijgen, gevouwen of ontvouwen, is voor elk eiwit weer anders.

gevouwen eiwit

8+
ESI-MS 94
I 117
|
massal/lading
ontvouwen eiwit 18+

16+
| 15+

massa/lading

Figuur 1. ESI-MS karakteristicken voor gevouwen en ontvouwen eiwitten.

Verder kan je met massaspectrometrie in combinatie met deze vernevelingstechniek
uiteraard massa’s meten van het gehele eiwit. Maar het mooie van deze spraymethode is dat het
veelal de zwakke niet-covalente interacties intact laat. Dus zo kan je ook conformatie-
veranderingen bestuderen als het bijvoorbeeld een metaalion, of een ander eiwit bindt.

Zoals ik al eerder aangaf, is het bestuderen van eiwitconformaties via deze techniek
relatief nieuw. Verder meet je ook nog eens in de gasfase en niet in de vloeistoffase waar het
echte leven zich afspeelt. Dus je moet je afvragen over wat er gemeten wordt in de gas fase klopt
met wat er in werkelijkheid, de vloeistoffase, gebeurt. Daarom heb ik naast ESI-MS, technicken
gebruikt die al veel langer bestaan en waarvan duidelijk is wat voor resultaten je krijgt als je

conformatie veranderingen waarneemt terwijl het eiwit in oplossing is (i.p.v. als het aan het
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vliegen is). De belangtijkste techniek die ik daarvoor heb gebruikt is fluorescentie. Deze probeer
ik daarom in het kort uit te leggen.

Fluorescentiemetingen vinden plaats in het donker. Het apparaat schijnt met een speciaal
licht door een glazen buisje die een waterige eiwitoplossing bevat. Een deel van dit licht wordt
door de eiwitmoleculen opgenomen. Vervolgens wordt er onder een hoek van 90° gemeten
(zodat je niet tegen lichtbron in meet) en wordt er gekeken wat voor licht er weer uit komt. Het
licht wordt dus eerst opgenomen door het eiwit molecuul en zendt het zeer snel daarna zeer snel
weer uit. Het verschil tussen de hoeveelheid en het type licht dat er ingaat en er uit komt wordt
geeft informatie over de conformatie van het eiwit. Om licht op te kunnen nemen en uit te
kunnen stralen heeft het eiwit een soort vlaggetje nodig (label). De meeste eiwitten hebben van
nature één of meerdere aminozuren die als vlaggetje kunnen fungeren, bijv. het aminozuur
tryptofaan. Als dit aminozuur helemaal in het binnenste van het eiwitmolecuul zit straalt het
ander licht uit dan wanneer het meer aan de buitenkant van het eiwit zit. Dus mocht een
tryptofaan residu in het binnenste van een compact gevouwen eiwit molecuul zitten, straalt het
ander licht uit dan wanneer diezelfde tryptofaan in een ongevouwen eiwitconformatie zit.
Fluorescentiemetingen kunnen op vele verschillende manieren worden uitgevoerd, athankelijk
van welke informatie je nodig hebt. Bij hele specialistische metingen kan zelfs worden gekeken
naar hoe het vlaggetje ronddraait maar ook naar de omwentelingen van het hele eiwit. Is een
eiwit compact opgevouwen dan heeft het een kleinere draaiings-as en zal de tijd die het erover
doet om één omwenteling te maken korter zijn dan hetzelfde eiwit dat meer ontvouwen is. Deze
experimenten vergen zeer specialistische apparatuur omdat een eiwit molecuul al volledig
ronddraait in slechts enkele nanoseconden (1 nanoseconde is 0,000.000.001 seconde), Daarvoor
zijn weer hele snelle pulserende lasers nodig (om door de eiwitoplossing te schijnen) en snelle en

gevoelige detectiesystemen.

Dit proefschrift

In dit proefschrift beschrijf ik een studie naar de structuur-functierelaties van E-type colicin
DNase eiwitten. In Hoofdstuk 1 heb ik een inleiding gegeven over de colicin biologie. Daarin
heb ik beschreven welke studies al aan colicins zijn gedaan en waar colicins vandaan komen en
uitgelegd waarvoor ze gemaakt zijn.

In Hoofdstuk 2 heb ik beschreven wat er zoal gepubliceerd is op het gebied van
massaspectrometrie in het kader van eiwitconformatiestudies en niet-covalente interacties tussen
eiwitten en andere moleculen of ionen.

In Hoofdstuk 3 heb ik aangetoond dat het E9 DNase domein twee conformaties heeft
bij een neutrale pH (zuurgraad). De ene vorm is open en losjes gepakt terwijl de andere meer
compact en gesloten is. Dit was nog niet eerder gezien met andere technieken voor E9 DNase en

daarom was deze uitkomst erg verrassend. Als het E9 DNase een zinkion bindt verandert de
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open, losjes gepakte vorm volledig in de compacte gesloten vorm. Vervolgens heb ik beide
situaties met en zonder zink bij verschillende pH waarden gemeten. Het blijkt dat het zink ion
losgelaten wordt onder een pH waarde van 5.5 en als resultaat is het eiwit weer gedestabiliseerd.
Dit heb ik ook direct in oplossing kunnen meten m.b.v. fluorescentie.

In Hoofdstuk 4 heb ik ook naar andere DNase-domeinen uit diezelfde familie gekeken
(E2, E7, E8), omdat de resultaten die beschreven zijn in Hoofdstuk 3 erg verrassend waren.
Deze andere drie eiwitten E2, E7 en ES8 lijken erg veel op E9 en ze hebben allemaal dezelfde
functie. Zoals we al eerder bij E9 DNase hebben gezien bij afwezigheid van zink (een open en
een gesloten conformatie), zien we na een ESI-MS analyse vrijwel hetzelfde voor E2 DNase. De
resultaten voor E7 en E8 waren echter onverwacht anders. E§ DNase laat voornamelijk een

gevouwen compacte vorm zien terwijl E7 meer dan E2 en E9 ontvouwen is. Dus samengevat

van ontvouwen naar meest gevouwen: E7 < E9 = E2 < E8. In aanwezigheid van zink krijgen
alle vier DNase domeinen een gevouwen compacte vorm. Dit heb ik ook met fluorescentie
kunnen aantonen door te kijken hoe toegankelijk de trypthofaangroepen (vlaggetjes) zijn. Uit
deze analyse blijkt weer dat trypthofaangroepen het meest toegankelijk zijn voor E7 en minst
voor E8, wat er op duidt dat E7 wat meer losjes ontvouwen is dan E8. De aanwezigheid van
zink maakt in alle vier de DNase-domeinen de tryptofanen behoorlijk ontoegankelijk, wat er
weer op duidt dat door metaalbinding deze eiwitten compact opgevouwen zijn. Als laatste heb ik
differentiéle scanning calorimetrie (DSC) gebruikt om de thermische stabiliteit van deze vier
eiwitten in oplossing te meten en weer blijkt dat E7 het minst stabiel is en E8 het meest stabiel
met E2 en E9 ertussenin.

In Hoofdstuk 5 heb ik een wat meer gespecialiseerde fluorescentietechniek gebruikt om
de beweeglijkheid het E9 DNase-domein wat meer in detail te bestuderen. Maar om deze
techniek goed te kunnen gebruiken moest eerst aan het E9 DNase-domein wat gesleuteld
worden. Het E9 DNase-domein bevat van nature twee tryptofaan aminozuren (de vlaggetjes,
W22 en W58) maar deze zitten in de driedimensionale structuur erg dichtbij elkaar. Als je in
detail wilt kijken naar de eigenschappen het vlaggetje kan het erg storend werken dat ze vlak
naast elkaar zitten. Daarom zijn er twee varianten van dit eiwit gemaakt met elk één vlaggetje
(W22+ en W58+).

Ik heb het gedrag van deze vlaggetjes bestudeerd in aan- en afwezigheid van zink, met en
zonder het immuniteits-eiwit (Im9) en in een combinatie met beide (E9-Zn-Im9). De resultaten
laten zien dat het W22 vlaggetje na zink binding niet meer ronddraait en dat het gehele
eiwitmolecuul sneller gaat omwentelen, wat er op duidt dat het E9 DNase-domein een
compactere vorm heeft gekregen. Het W58 vlaggetje blijft nog wel ronddraaien, maar heeft
beduidend minder de ruimte gekregen. Als het E9 DNase-domein (zowel W22+ als W58+) Im9
bindt, dan worden alle door zink geinduceerde effecten tenietgedaan en zijn de effecten die door

Im9-binding worden veroorzaakt dominant.
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In Hoofdstuk 6 heb ik gekeken naar de niet-covalente interacties van het fosfaat-
molecuul dat gevonden is in verschillende E9 en E7 DNase kristalstructuren. Het functioneren
van eiwitten hangt vaak af van vele kleine subticle niet-covalente interacties met andere
moleculen, zoals andere eiwitten, metalen, DNA/RNA en co-factoren. Het is daarom belangrijk
om meer zicht te krijgen in zulke interacties.

Het werk beschreven in dit hoofdstuk laat zien dat je met ESI-MS specifiek één niet-
covalent gebonden fosfaat-molecuul kan aantonen. Dit heb ik bevestigd met isotherme titratie
calorimetrie (ITC), een techniek waarmee je interacties in oplossing kunt volgen door het meten
van vrijgekomen warmte. Deze bevindingen laten zien dat metaalbinding en fosfaation-binding
(een misschien DNA binding, omdat DNA veel fosfaatgroepen heeft) nauwkeurig gereguleerd
zijn. Dit omdat fosfaat alleen maar bindt in aanwezigheid van zink, terwijl de hoge-resolutie
kristalstructuren suggereren dat dit niet zo is.

In Hoofdstuk 7 ben ik verder gegaan met de bevindingen uit hoofdstuk 6. Nu is het zo
dat in de aanwezigheid van zink het E9 DNase-domein inactief is, terwijl nikkel uvitstekend kan
helpen om knippen van DNA op gang te brengen. Het E9 DNase-domein is in combinatie met
een nikkelion niet in staat om een enkel fosfaation specifiek te laten binden. Dus misschien kan
dit betrekking hebben op de inactivatie van het DNase-domein in aanwezigheid van zink. In dit
hoofdstuk hebben we gekeken naar enkele bouwstenen van het DNA en RNA. Eén bouwsteen
DNA/RNA bevat ook één fosfaatgroep. (zie Hoofdstuk 7 figuur 8). Verder hebben we
verschillende E9 DNase-mutanten (varianten) gemaakt, zodat we kunnen kijken welke
aminozuren verantwoordelijk zijn voor fosfaatbinding. De eerste resultaten laten zien dat het
fosfaatgedeelte van een bouwsteen van RNA (rAMP) interactie heeft met het aminozuur His103
(histidine) alleen in de aanwezigheid van zink. Van dit aminozuur wordt verondersteld dat het
een belangrijke functie heeft in het DNA knipproces. In eerste instantie leek het logisch dat het
voor een enkele bouwsteen van DNA (dAMP) hetzelfde moest gelden, maar nu blijkt uit eerste
metingen dat het toch niet zo is. Dit was verrassend omdat de literatuur vermeldde dat alleen het
fosfaatgedeelte betrokken zou zijn bij binding aan het E9 DNase-domein. Het enige verschil
tussen tAMP en dAMP is een —OH groep (zie Hst 7 figuur 8). Dus zeer waarschijnlijk is deze
extra —OH groep in rAMP betrokken bij E9-Zn-rAMP binding. Om dit beter te kunnen
begrijpen moeten er meer experimenten gedaan worden.

In Hoofdstuk 8 heb ik de in dit proefschrift verkregen resultaten en de betekenis ervan

nog eens op een rijtje gezet.
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